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Abstract

Thibault, Charles Henry. PhD. The University of Memphis. 8/2017. The Movement
of Storm Surge Through a Surficial Coastal Aquifer. Major Professor: Dr. Daniel Larsen.
This study investigates the movement of storm surge through a sandy unconfined aquifer
to answer the question: What is the role of tropical system storm surge in the
salinization/freshening of surficial aquifers? To answer this question several methods
were used. Geologic cross sections were created from approximately 150 boring logs in
Harrison County, Mississippi. The cross sections were used to generate a conceptual
model and a hydrogeologic model of a beach-barrier island site. Simple sea level and
storm surge models were developed using a digital elevation model in Surfer to
determine the extent of flooding for a variety of surge/sea level rise scenarios. The surge
and sea level rise models were used to evaluate the extent of land inundation at 1 meter
increments. Field data were collected from wells in Gulfport, Mississippi from 20062009 to evaluate residual impacts of Hurricane Katrina and investigate impacts of
systems that moved through the region during the sampling period. Field study and
computer modeling results indicate that the impact of tropical systems on surficial aquifer
salinity is minimal because of the large precipitation component associated with storms
and short lived because of the high hydraulic conductivity associated with sandy surficial
aquifers. Storm surge is reduced in salinity relative to sea water because of the large
amount of precipitation and runoff associated with the storm. The surge has reduced
ability to infiltrate the groundwater system because the ground is already saturated by
precipitation that precedes the storm. The saline water moves rapidly through the
unconfined aquifer because of the short flow paths and high hydraulic conductivity.
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Chapter 1 Introduction
This study evaluates the impact of storm surge and sea level rise (SLR) on the
shallow unconfined aquifer that borders the Mississippi Sound (Sound) on the coastline
of Harrison County (CHC) in the state of Mississippi, USA. The Mississippi coastline is
a dynamic system undergoing constant modification by waves and wind, diurnal changes
by tidal forces, sudden and potentially catastrophic changes by tropical systems, and
long-term changes in relative sea level. From 1901 to 2010, the CHC has been inundated
by 3 meters or more storm surge 5 times (Garriott, 1906; Sumner, 1947; Partagas et al.,
1996a; Partagas et al., 1999; Keim et al., 2004; Graumann et al., 2005; Blake et al., 2007;
Maloney et al., 2014). During the same time, eustatic sea level has risen 0.19 meters
according to estimates reported by the Intergovernmental Panel on Climate Change
(IPCC) (Stocker et al., 2013). Globally, sea level is projected to rise over the next 85
years by approximately 0.6 meters (Stocker et al., 2013). Projected relative sea level
change for the northern Gulf of Mexico (GOM) during the same period ranges from 0.25
meters to 1.98 meters (http://www.corpsclimate.us/ccaceslcurves.cfm). Additionally,
urbanization of the area has resulted in the addition of structures such as sea walls,
artificial beaches, roadways, and railways, that in some cases enhance and other cases
inhibit the impact of storm surge in the region (Newcome et al., 1968; Oivanka and
Meyer-Arendt, 1994; Bilskie et al., 2014). Finally, although the year to year probability
is low, there is the possibility of tsunami impact in the region (Brink et al., 2009). This
study attempts to combine the above factors, in the context of the surficial aquifer to
determine the extent and duration of movement saline water through the aquifer. The
study tests two hypotheses:
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Hypothesis 1: Coastal storms and accompanying storm surge permanently
salinize surficial aquifers in settings such as CHC. A high salinity signature lingers and
concentrations increase overtime.
or
Hypothesis 2: Unconfined coastal aquifers are not permanently salinized by and
rapidly recover from storm surge and in some cases, tropical systems result in a net
reduction in salinity.
The data sources for this study include: field data, boring logs and monitoring
well construction diagrams, digital elevation models, storm surge model displays, maps,
satellite imagery, various technical and academic reports, and historical accounts. A
variety of software tools were employed to process and interpret the data including
Surfer, Rockware, and the Saturated-Unsaturated TRAnsport (SUTRA) model suite.
Study Site
The study site includes a portion of the Sound, the CHC, and the Biloxi Back Bay
(BBB) Figure 1.
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Figure 1. The Study Area. Inset and location map Google Earth image accessed
8/18/2014.
Mississippi Sound
The Sound is a bar built estuary that trends east-west and is separated from the
GOM by five barrier islands (Eleuterius, 1978; Velardo, 2005). The average depth of the
Sound is 2.98 meters below mean low water (Eleuteris, 1978). The estuary receives an
influx of freshwater from two major rivers, the Pascagoula and the Pearl; four minor
rivers, Biloxi, Tchouticabouffa, Jourdan and Wolf; and a number of Bayous (Eleuteris,
1978). Tides in the Sound are diurnal (Figure 2) with an average range of 0.57 meters
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(Eleuteris, et al., 1979). The influx of freshwater to the Sound results in salinity values
that vary seasonally relative to stream discharge, precipitation, and evaporation.

Site

Figure 2: Tidal RRegimes of the GOM (from Eleuteris et al., 1979). The red rectangle
is the approximate boundary of the study site.

River discharge creates a salinity gradient within the Sound, with salinity
concentrations ranging from <1 parts per thousand (ppt) in creek and river mouths to 20
to 25 ppt in broader areas of the Sound (Priddy et al., 1955). The Mississippi Sound may
become nearly fresh during rainfall events; however, during periods of low precipitation,
salinity may approach 35 ppt as Gulf of Mexico water enters the Sound through deep
tidal channels (Priddy et al., 1955; Upshaw et. al., 1966). Vertically, the Mississippi
Sound is predominantly well-mixed estuary; however, it may display characteristics of
being partially mixed and in localized areas it may become stratified (Eleuterius, 1977).
4

The CHC experiences a low-energy wave climate on both the Sound and BBB
sides, with average significant wave height at National Data Buoy Center (NDBC) Buoy
42007 (41 km south-southeast of Biloxi, in 14 m depth) averaging 0.61 m and 0.4 m in
the winter and summer months, with associated average peak wave periods of 4 to 3.5
sec, respectively (Byrnes et al., 2012). The Gulf Coast generally experiences a west to
east longshore current, with the coastal sediment transported by the current being
predominately siliciclastic sand (Byrnes et al., 2012).
Geology
The subaerial CHC portion of the study site (Figure 3) was described by Otvos
(2004) as the Gulfport Formation, a discontinuous barrier formation related to the
Pleistocene high sea-level stand (Figures 4, 5, and 6). Gulfport Formation lithofacies
display a pattern of aggradation. The formation grades upward from muddy, poorly
sorted sandy, relatively low-energy, nearshore neritic deposits to subtidal shoal sands to
higher intertidal deposits and finally eolian sands. The Gulfport Formation is described
as a dune/ridge and swale barrier-chain system. Members of the barrier system are
separated by estuarine and fluvial gaps. The barrier ridge sectors are at a maximum of 2
km in the study site area (Otvos, 2004).
The Gulfport Formation is underlain in by the Biloxi Formation, a sandy to
muddy transgressive and regressive marine and brackish-water deposit associated with
the inland phases of the last interglacial sedimentary cycle (Otvos, 2004).
The Pascagoula Formation, a siliciclastic Miocene deposit consisting of alluvialterrestrial, nonfossiliferous, stiff to medium stiff, generally greenish-gray, light-olive-
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gray, dark-greenish-gray, or moderately yellowish-gray muds, sandy muds, clays, and
muddy very fine sands, underlies the Biloxi Formation (Otvos, 2004).

A

A’

Figure 3: Generalized Geology of Southern Mississippi. Modified from Boswell and
Arthur (1988). Red rectangle is approximate boundary of study site.
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Figure 4: Distribution of Pleistocene Units, Mississippi Coast. Although the Biloxi
Formation is Pleistocene in age, it does not outcrop in the study area. Modified from
Otvos (2001). Large red rectangle is approximate boundary of the study site.
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Figure 5: Cross Section of Coastal Geology. Geologic cross section is adjacent to and
typical of CHC study site, Jackson County, MS. Modified from Otvos (2001). Red
rectangle is approximate boundary of geology similar to study site.
EPOCH/AGE

Geologic Unit

HOLOCENE

Coastal wetlands, lagoonal, inlet,
and delta deposits. Island
strandplains, beach complexes and
alluvium.

Hydrogeologic
Significance
Discharge areas,
Saltwater/Freshwater
Boundaries

Late Pleistocene

Wisconsinian
Sangamonian
Interglacial

Sangamonian
Glacial
Upper

Pliocene

Middle
Lower

Late Miocene

Prairie Fm (alluvial) Gulfport
Fm (barrier complex)
Biloxi Fm. (neritic to estuarine
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Undifferentiated early and preSangamonian alluvial deposits
Citronelle Fm. (uplands only)

Surficial Aquifer
Aquifer/Confining
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Absent in modeled
portion of study site

Undifferentiated alluvial and
marine siliciclastic sediment
Pensacola Fm
Jackson Bluff Fm.
Graham ferry Member
Pascagoula Mbr.

Confining Unit

Figure 6: Coastal Mississippi Geologic Column. Modified from Otvos (2001).
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Biloxi Back Bay
The BBB is a shallow lagoonal bay that separates the Gulfport Formation ridge
system from the mainland of Mississippi. The depth of the bay is typically less than 2
meters except in a few isolated slightly deeper areas reaching depths of less than 5 meters
and in the main shipping channel where depths range from approximately three meters to
less than 7 meters (National Oceanographic and Atmospheric Administration (NOAA)
chart 11372). Salinity values have been collected by the USGS from stream gauge
USGS 302318088512600 near the mouth of the BBB at Point Cadet Harbor since
October 1, 2011, and from stream gauge USGS 02481270 situated in the inland half of
BBB at Popps Ferry Bridge. See Figure 7 for salinity profiles and locations of the
gauges. Salinity values at Point Cadet range from near 0.3 ppt (2/27/2013) to 28.6 ppt
(10/26/2015) and average 15 ppt. Salinity values within the bay range from near 0 ppt
(multiple dates) to 23.3 ppt (11/23/2012) and average 7 ppt.
Modifications
In addition to the geologic and oceanographic units, the CHC mainland shoreline
can be divided into three shoreline types: seawalls/artificial beaches, natural marsh, and
industrial-commercial docks (Newcome et al., 1968; Oivanka and Meyer-Arendt, 1994).
The artificial beaches in Harrison County were initially put into place following the 1947
Hurricane (discussed later in this chapter), which significantly damaged the seawall
(Oivanka and Meyer-Arendt, 1994). Historically, the beach has experienced erosion
along various sections due to wave action and storms; and wind erosion has removed
sand from the beach at a rate of 65,000 cubic meters per year, with the sand blown across
Highway 90 and out of the beach system (Oivanka and Meyer-Arendt, 1994). During
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extreme storm events, the coast has been eroded horizontally over 10 meters (Partagas
and Diaz, 1995a).
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Figure 7: Salinity Profiles. A) Salinity 2012-2016 at Point Cadet Harbor-Biloxi, MS.
The approximate location (red star) of the Point Cadet Gage is shown in the inset. B)
Salinity 2012-2016 at Popps Ferry Bridge-BBB, MS. The approximate location (blue
star) of the Popps Ferry Bridge Gage is shown in the inset.

Climate and Coastal Oceanography
Average annual precipitation for the region based on data collected at the
centrally located Gulfport Biloxi International Airport from 1/1/2001 to 12/31/2015 is
10

150 cm ( http://w2.weather.gov/climate/xmacis.php?wfo=lix ). Temperature data at the
same locality indicates a mean annual maximum of 36.8 C and mean annual minimum of
-5.6 C.
Mean annual evapotranspiration in Harrison County for the period 1971-2000 was
estimated to be 71-80 cm/year (Sanford and Selnick, 2013). This estimation was made
using a regression equation developed using watershed, climate, and land cover data.
Storm Frequency
Paleotempests
Paleotempest data (storm overwash sand layers preserved in coastal lake deposits)
collected in the Mississippi Gulf Coast region indicate a catastrophic, category (CAT) 4-5
on the Saffir/Simpson hurricane scale, (Figure 8) hurricane occurred in the region once
every 300-350 years since 5000 BP. The data also show clustering of large hurricanes
during the period of 3800-1000 BP with a recurrence interval of one catastrophic storm
every 200 years. The data indicate that the period from 950 A.D. to 1950 A.D. was a
period of relative quiescence in the region with only one catastrophic hurricane occurring
(Liu, 2007).
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Saffir-Simpson Scale
Category Pressure (hPa) Wind (mph) Damage
ONE
above 980
74 to 85
Minimal
TWO
979 to 965
86 to 110 Moderate
THREE
964 to 945
111 to 130 Extensive
FOUR
944 to 920
131 to 155 Extreme
FIVE
below 920 more than 155 Catastrophic
Figure 8: The Saffir-Simpson Scale for Hurricanes. Modified from Simpson, 1974.
The Mississippi Gulf Coast has been struck by 15 hurricanes and numerous
tropical storms since the first instrumental data were collected in 1851. Additionally, the
region has suffered direct strikes from two of the three most intense (defined by pressure)
U.S. mainland hurricanes since 1851, Hurricane Camille (1969), CAT 5 at landfall, 909
millibars and Hurricane Katrina (2005), CAT 3 at landfall, 920 millibars (Blake et al.,
2007). The elevations of storm surge in CHC are marked on the inside wall of the Biloxi
Lighthouse, a cast iron lighthouse that has withstood storm surge from every storm to
impact the coast since the lighthouse was erected in 1848. Figure 9 shows the outside of
the lighthouse. Figure 10 shows the storm surge elevations painted on the inside
lighthouse wall.
Historic Hurricane Summaries.
The following section gives a summary of several of the more important storms
that have impacted the region. Where appropriate and available, information such as
amount/height of surge, rainfall and erosion are noted. Other items of note include
number of casualties, historic accounts of devastation, areas of flooding and other
pertinent information.
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Figure 9: Biloxi Lighthouse. Looking south at Biloxi Lighthouse with Mississippi
Sound in the distance. Photo taken by Brandy Duffett from balcony of the Biloxi Visitor
Center.
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Figure 10: Inside the Biloxi Lighthouse. Elevations of historic storm surges observed in
the vicinity of the Biloxi Lighthouse painted on inside wall. Photograph by the author.
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Figure 11 shows the track of the eyewalls for all historic (1852-2005) hurricanes
to come within 120 km (65 nautical miles) of CHC. Figure 12 shows the tracks of the
eyewall for storms that generated >3m storm surge events in the CHC region. Figures
13 through 19 were developed using the Sea, Lake, and Overland Surges from Hurricanes
(SLOSH) model developed by the National Weather Service and show the MOM or
maximum of maximum envelop of water (MEOW) for several historical storms and CAT
1 through 5 Hurricanes at high tide. Full separation of the Gulfport Formation from the
landmass is modeled to occur during a CAT 3 hurricane at high tide.
The Great Mobile Hurricane of 1852
The Great Mobile Hurricane of 1852 was an estimated CAT 3 hurricane whose
eye wall made landfall near Pascagoula, MS. Surge was estimated at 3.6 m (12 ft) in the
at the Biloxi lighthouse (Figures 9 and 10) and Mobile, AL. Surge washed schooners on
to Cat Island. The storm was fast moving but dumped up to 46 cm (18 inches) of rain on
the coast. The storm was first sighted on August 19, 1852 and dissipated by August 29,
1852 (Partagas and Diaz, 1995a).
The Storms of 1860
The first storm of 1860 was an estimated CAT 3 hurricane whose eye wall made
landfall at an oblique angle between Isle Dernière (Last Island) and Southwest Pass near
Belize (now Pilottown). The schooner Powhattan wrecked on Cat Island. Water levels
were 3 m (10 feet) above normal in Biloxi. The second storm to significantly impact the
study region during 1860 was an estimated CAT 2 hurricane whose eye wall made
landfall on the Mississippi River Delta during the night of September 14-15, 1860.
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Figure 11: All Historic Hurricane Tracks. All historic (1852-2005) hurricanes to come
within 65 nautical miles of CHC (www.noaa.gov).

Figure 12: Hurricane Tracks with Surge >3m. www.Noaa.gov
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Figure 13: SLOSH MEOW Hurricane Camille.
17

Figure 14: SLOSH MEOW Hurricane Katrina.
18

Figure 15: SLOSH MEOW CAT 1. CAT 1 Hurricane at high tide.
19

Figure 16: SLOSH MEOW CAT 2. CAT 2 Hurricane at high tide.
20

Figure 17: SLOSH MEOW CAT 3. CAT 3 Hurricane at high tide.
21

Figure 18: SLOSH MEOW CAT 4. CAT 4 Hurricane at high tide.
22

Figure 19: SLOSH MEOW for CAT 5. CAT 5 Hurricane at high tide.
23

Delta during the night of September 14-15, 1860. All wharves between New Orleans and
Mobile were swept away. Biloxi lay in ruins. The Biloxi coastline was eroded by 6-9 m
(20-30 feet) (Partagas and Diaz, 1995a). Surge was observed at the Biloxi Lighthouse to
be 3.6 m (12 ft) above normal.
The Great October Hurricane of 1893
The Great October Hurricane of 1893, also called Cheniere Caminada Hurricane
and the Grand Isle Hurricane, was a CAT 4 hurricane whose eye wall made landfall on
the southeast coast of Louisiana. Surge was observed at the Biloxi Lighthouse to be 3.6
m (12 ft) above normal. (Longshore, 2008).
The Mississippi Hurricane of 1906
The Mississippi Hurricane of 1906, also called Pascagoula-Mobile Hurricane, was
a CAT 3 hurricane whose eye wall made landfall on the eastern portion of the Mississippi
Coast near Pascagoula, MS. Water levels were 4.3 m (14 feet) above normal near Biloxi,
MS, resulting in the loss of 78 lives primarily from storm surge (Garriott, 1906;
Longshore, 2008).
The Grand Isle Hurricane 1909
The Grand Isle Hurricane of 1909 was a CAT 3 hurricane whose eye wall made
landfall on Grand Isle on September 21, 1909. Water levels were 4.5 m (15 feet) above
normal near Biloxi, MS, resulting in the loss of 18 lives in the state of Mississippi
(Partagas and Diaz, 1999).
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The Fort Lauderdale Hurricane 1947
The Fort Lauderdale Hurricane of 1947 (George) was a CAT 2 hurricane when its
eye made landfall near Saint Bernard Parish on September 19, 1947. The western portion
of the Mississippi Coast was inundated by a 4.5 m (15 foot) storm surge. Water levels
were 3.6 m (12 feet) above normal near Biloxi, MS (Sumner, 1947).
Hurricane Camille 1969
Hurricane Camille of 1969 was a CAT 5 hurricane when its eye made landfall on
the Mississippi Gulf Coast on August 17, 1969. The western portion of the Mississippi
Coast was inundated by up to 7 m (23 foot) storm surge. Water levels were 5.3 m (17.5
feet) above normal near Biloxi, MS (Simpson et al., 1970).
Hurricane Katrina 2005
Hurricane Katrina of 2005 was a CAT 3 hurricane when its eye made landfall on
the Mississippi Gulf Coast on August 29, 2005. The western portion of the Mississippi
Coast was inundated by up to 8.2 m (27 foot) storm surge. Water levels were 6.5 m (21.5
feet) above normal near Biloxi, MS (Graumann et al., 2005) with some sources
(Longshore, 2008) stating a 9 m (30 foot) storm surge.
Future Hurricanes
Recent climatic modeling results, summarized in IPCC-Fifth Assessment (Stocker
et al., 2013), have predicted that rising sea-surface temperatures are likely to lead to an
increase in intense hurricane activity over the next century.
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Sea Level and Subsidence
Globally, sea level rose 1.7 + 0.2 mm/y from 1901-2010 and 3.2+0.4mm/y from
1993-2010 (Church and White, 2006; Stocker et al., 2013). Projections for eustatic sea
level rise by the final decade of the 21st century range from 0.26 to 0.82 m relative to the
1986-2005 period (Stocker et al., 2013). Relative sea level change in the Northern Gulf
Coast region is estimated to be a 1.25 mm to 11.25 mm per year rise (Shinkle and Dokka,
2004). This value is based on a conservative estimate of 1.25 mm/y for eustatic sea level
rise and local subsidence rates given by geodetic analysis of vertical bench mark
displacement.
Estimated relative sea level change projections in the northern GOM were
developed using the United States Corp of Engineers (USACE) sea level curve change
calculator http://www.corpsclimate.us/ccaceslcurves.cfm. Tidal gauges closest to the
study area where curves are available are Dauphin Island, AL, (Figure 20) located
approximately 85 km to the east of the study area and Grand Isle, LA, (Figure 21)
located approximately 160 km to the south west of the study area. Estimated relative sea
level change projections ranged from 2.98 mm/yr at Dauphin Island, AL to 9.24 mm/yr at
Grand Isle, LA. The variation between the two gauges is due to the accelerated rate of
subsidence that coastal Louisiana experiences (America’s Energy Coast, 2008). A
variety of processes have been proposed as explanations for this subsidence and include:
impacts of sediment reduction from river modifications, wetland loss and subsequent loss
of vegetation baffling of sediment, groundwater, petroleum and salt extraction, tectonics,
canal dredging and delta lobe weight subsidence (Dokka, 2006). For this study, it is
assumed that the rate of SLR at the Dauphin Island gauge is more representative of the
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rate of SLR expected in the CHC region. SLR rates drop off significantly west of Grand
Isle with values at Sabine Pass North, TX, (Figure 22) similar to the values found at
Dauphin Island to the east.

Figure 20: Dauphin Island Sea Level Curve. Estimated Relative Sea level curve for
Dauphin Island, AL NAVD88. http://www.corpsclimate.us/ccaceslcurves.cfm

Figure 21 : Grand Isle Sea Level Curve. Estimated Relative Sea level curve for Grand
Isle, LA. http://www.corpsclimate.us/ccaceslcurves.cfm
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Figure 22: Sabine Pass Sea Level Curve. Estimated Relative Sea level curve for Sabine
Pass North, Texas. http://www.corpsclimate.us/ccaceslcurves.cfm

Tsunami
Tsunami studies in the GOM basin have yielded estimates of potential maximum
tsunami runup of approximately 4 m (relative to mean sea level). The most likely source
of a tsunami in the GOM basin would be a submarine landslide occurring along the
continental margin of the gulf. In a scenario where a landslide occurs offshore of the
Mississippi gulf coast, the coast could be vulnerable to inundation because the region is
low lying, although some protection would be afforded by the barrier islands off shore
(Brink et al., 2009). It is unlikely that a tsunami in the GOM would have seismic origin
because based on current knowledge of the region the GOM lacks an earthquake source
capable of generating a tsunami although there is seismic activity in the area. Tsunami
propagation from significant earthquake sources outside the GOM, such as the northern
Panama Convergence Zone, Northern South America, Cayman Trough, the Puerto Rico
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trench, or the Gibraltar area shows that wave amplitude is greatly attenuated by the
narrow and shallow passages into the GOM, and as a result, these tsunami sources do not
constitute a tsunami hazard to the GOM coast (Brink et al., 2009).
The effects of tsunamis on aquifer salinization have been well studied. The 2004
Indian Ocean tsunami spurred field monitoring (e.g., Violette et al., 2009) and numerical
modeling studies (e.g., Urbano and Thibault, 2007). Salinity studies of storm events differ
from those of tsunami, sea-level rise, tidal fluctuations, and groundwater withdrawal;
however, because storm events are associated with inundation by both saline water (surge)
and freshwater (tropical rainstorm), a tsunami can occur in drought conditions and may
result in salinization without significant freshwater recharge.
Chemistry
The composition of freshwater in coastal aquifers is often dominated by Ca2+ and
HCO3- ions resulting from calcite dissolution (Appelo and Postma, 2005). The cation
exchange complex in sediments is then also dominated by adsorbed Ca2+. In seawater,
Na+ and Cl- are the dominant ions, and sediment in contact with seawater will have
mostly Na+ on mineral exchange sites. When saline storm surge infiltrates into a coastal
freshwater aquifer, an exchange of cations takes place:
Na+ + ½Ca-X2  Na-X + ½Ca2+
Where X represents the mineral exchange sites. The result of this process is that the
water quality changes from a NaCl type to a CaCl2 type of water.
Following storm surge and subsequent precipitation events, freshwater flushes the aquifer
and the reverse process takes place:
½Ca2+ + Na-X  ½Ca-X2 + Na+
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Numerous studies have investigated the impact of saline water from storms on the
geochemistry of coastal aquifers. For example, Andersen et al. (2005) investigated the
movement of a storm derived saline plug through an unconfined aquifer on the coast of
Zealand, Denmark, and concluded that salt generated from the storm surge took a couple
of years to be flushed out. The saline plug was found to alter redox processes changing
the aquifer from a methanogenic to a sulfidogenic environment. The movement of the
saline plug also drove ion exchange reactions with sea water cations Na+ and Mg2+
displacing Ca2+ and other adsorbed cations.
In addition to changes in salinity brought about by movement of a storm surge
generated saline plug through the aquifer, there is also an influence of movement of the
saltwater/freshwater interface. Cartwright et al. (2004) examined the impact of storms on
movement of the saltwater/freshwater interface within an unconfined aquifer and
observed a landward horizontal migration on the order of several meters following a
storm event that generated waves 2.5 m above Mean High Water (MHW). Andersen et
al. (2005) in the same study discussed above, examined changes in the chemistry as a
result of movement of the interface following a storm event.
The effects of cation exchange through storm surge, movement of the salt water
freshwater interface, salt water intrusion, or freshening can be visualized by plotting
analyses in a Piper Diagram as shown in Figure 23 (Apello and Postma, 2005). The
average compositions of freshwater and seawater are shown and a straight line between
the two indicates water compositions due to conservative binary mixing. An increase in
Ca2+ indicates seawater intrusion, while an increase in Na+ may indicate freshening of the
aquifer.
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Figure 23: General Piper Plot. Plot shows average concentrations of freshwater and sea
water and chnges due to salt water intrusion and freshening (Appelo and Postma, 2005).
Bs and Bm are unrelated to the CHC study.

Coastline Models
Several models are used in this study to evaluate the geomorphic and hydrologic
changes that occur on coastlines due to the interaction of land and seawater. These
models are simple tools that describe the amount of erosion resulting from sea level rise,
the position of the freshwater/saltwater interface at a specific water table elevation, and
the amount and extent of land inundation for a given surge height. The models include
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the Bruun Rule, the Ghyben Herzberg equation, and bathtub models, and are discussed
below.
Bruun Rule
The “Bruun Rule” is a simple model that has been widely adopted to predict
sandy beach response to sea-level rise (Woodroffe, 2002). The rule proposes that
shorelines re-equilibrate to sea-level rise based on conservation of mass, such that sealevel rise causes an upward and landward translation of the equilibrium profile, resulting
in erosion of the shoreline and re-deposition of sand in the nearshore and assumes an
unchanged equilibrium profile (Woodroffe, 2002). The model has typically been used as
a rule of thumb model for shoreward erosion given a certain rate of sea level rise. The
model does not take into consideration factors such as longshore drift and has been
criticized as a poor predictor of rates of shoreline erosion (Komar, 1998). Some authors
have stated that the model should not be used at all (Cooper, et al. 2004). The model
does not consider the potential for accretion and assumes that the rise in the nearshore
bottom as a result of the deposition of material eroded from the upper beach is equal to
the rise in sea level. Following the above assumptions and caveats, Bruun derived the
basic relationship for shore line retreat, R, due to an increase in sea level S,
𝑅 = [(𝐿 ∗)/(𝐵 + ℎ ∗)]𝑆
Where L* is the cross-shore distance to the water depth h*, taken by Bruun as the depth
to which nearshore sediments exist (as opposed to finer grained continental shelf
sediments). The vertical dimension B represents the berm height or other elevation
estimate of the eroded area that may include dunes backing the beach. The parameters are
illustrated in Figure 24.
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1

The relationship can also be expressed as 𝑅 = (𝑡𝑎𝑛𝜃) 𝑆
Where 𝑡𝑎𝑛𝜃 =

𝐵+ℎ∗
𝐿∗

is the average slope of the profile along the cross-shore width L*.

given that 𝑡𝑎𝑛𝜃 ≈ 0.01 − 0.02 is the range for many coastal sites, the equation yields
R=50S-100S thus indicating, that if the assumptions hold true, a small increase in sea
level rise will result in a substantial amount of shoreline retreat (Komar, 1998).

L

Figure 24: Bruun Model. Modified from Bruun (1962).
Ghyben-Herzberg Equation
The Ghyben-Herzberg Relation was developed independently by two researchers
near the turn of the 20th century. The relation was used to demonstrate that salt water in
coastal areas does not occur at depths approximating sea level as previously thought, but
rather can be estimated to occur at depths below sea level equivalent to approximately 40
times the height of fresh water above sea level ass illustrated in Figure 25 and according
to the relationship below:
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H = H / ( –  )
s

f

s

f

H = Depth to saltwater
s

H = Depth of freshwater above sealevel
f

 = Density of saltwater (1.025g/cm3)
s

 = Density of freshwater (1.000g/ cm3)
f

( –  ) = 0.025g/ cm3
s

f

Figure 25: Ghyben-Herzberg Model. Ghyben-Herzberg Relationship modified from
Barrow (2003).
The relation assumes a sharp interface and does not allow for a zone of mixing.
In reality, the interface fluctuates creating a transition zone (Urish and Ozbilgin, 1989).
Additionally, the relation assumes that salt water has a density of sea water, but in
aquifers adjacent to bays and estuaries, the sea water can be much less saline.
Bathtub models
A first-order estimate of areas that will be flooded can be derived by a ‘bathtub’
approach which presumes that those areas that lie within a contour interval (determined
by the amount of sea-level rise) above the present high tide level will be subject to
potential flooding. More sophisticated modelling might allow for set-up and/or run-up of
waves and storm surges (Woodroffe et al., 2012).
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Total Water Level
When evaluating the total change in the horizontal and vertical extent of seawater
during a tropical system several contributions to total water level (TWL) need to be
considered (http://www.nws.noaa.gov/om/hurricane/resources/surge_intro.pdf).
Contributions are described below and illustrated in Figure 26 and Figure 27.
Tide stage-the daily rise and fall of the water level due to the gravitational pull of
the sun and moon. Tides are diurnal near the study site.
Storm surge-The change in water level due to the presence of the storm. This
change is primarily due to the strong winds associated with a hurricane and has
very little to do with the low barometric pressure.
Wave setup and runup-In addition to tides and storm surge, breaking waves
contribute to the water level rise through wave runup and wave setup. Wave
runup occurs when a wave breaks and the water is propelled onto the “beach”.
Wave Setup is the increase in mean water level above the stillwater level-defined
as including the effects of all other forcing except wave setup (Komar 1998).
Freshwater Input-Heavy rainfall ahead of a hurricane can cause stream levels to
rise well inland from the coast, saturate soils, and overwhelm stormwater systems
before storm surge even arrives. Once all this water flows downstream and
reaches the coast, local water levels especially near deltas and in bays, such as the
Mississippi Sound and Biloxi Back Bay, will rise. Combining these contribution
yields the equation:
TWL = Storm Surge + Tides + Waves + Freshwater Input.
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Figure 26: Storm Surge Versus Storm Tides. http://www.nhc.noaa.gov/surge/

Figure 27: Wave Propagation Towards the Coast. Schematic of depth related changes in
wave propagation towards the coast due to SLR (Arns et al., 2017).

Fluid and Solute Mass Balance
Seawater intrusion studies model variable density non-reactive fluid flow through
a porous media and, as such, can be described by two general balance equations for
single-species transport under saturated flow conditions (Voss, 1999 after Bear, 1979).
These equations are the fluid mass balance equation and the solute mass balance
equation. The equations are described in the Methods Section.
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Chapter 2 Methods
This study combines data from boring logs, technical reports, field activities,
satellite imagery, historical newspaper records, eyewitness accounts, Digital Elevation
Models, the SLOSH model display program (SDP), and USGS SUTRA model to
investigate the movement of storm surge and sea level rise in surficial aquifers on the
Mississippi Central Gulf Coast.
Field Data
Physical and chemical field data were collected using wells and piezometers
installed by the Mississippi Department of Transportation (MDOT). MDOT installed
two fully screened, 5 cm diameter, flush-mounted, polyvinyl chloride (PVC) wells to
depths of 12.5 m in Harrison County. The two wells, MDOT-1 and MDOT-2, were
installed as part of a construction project near Highway 45. Monitoring well MDOT-1
was located just beyond the zone inundated by Hurricane Katrina 1.0 km from the
shoreline. Monitoring well MDOT-2 was located within the zone inundated by Katrina
storm-surge 0.5 km from the shoreline. The locations of the wells are given in Figure
28. Areas of storm surge are visible as a tan color made up of sand and other detritus left
by the storm surge.
Well data were collected preceding and following several coastal storm events
during the period of September 14, 2007 to February 21, 2009. Monitoring well MDOT1 was gauged on September 15, 2007, September 21, 2007, August 23, 2008, August 31,
2008, September 6, 2008, September 7, 2008, and February 21, 2009. Monitoring well
MDOT-2 was gauged on September 15, 2007, September 21, 2007, August 23, 2008,
August 31, 2008, September 6, 2008, and September 7, 2008.
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Figure 28: Location of Monitoring Wells. Image A taken on August 29, 2005, less than
24 hours after Hurricane Katrina accessed from Google Earth. Image B is a cutout of
FEMA flood map MS-H18 Monitoring wells were not yet installed on the date the image
was captured.

A water sample was also collected from the Mississippi Sound on February 21,
2009. The sea water sample was collected near high tide at a depth of approximately 3
feet.
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The wells were purged of three well volumes using a hand bailer. Conductivity
and temperature profiles were then taken using a Solinst® Model 107 TLC meter.
Measurements were taken every 30 cm. Water samples were taken near the water table
and near the bottom of the well/Sound bottom using a Solinst Model 425 discrete interval
sampler (DIS). The DIS was pressurized at the surface to prevent water from entering as
it was lowered to the desired depth. The pressure was then released allowing the DIS to
fill under hydrostatic pressure. Samples were collected to analyze for water chemistry
and stable oxygen and hydrogen isotope analysis. Alkalinity was measured in the field
using a Hach Titration Kit, which allows for the determination of phenolphthalein and
total alkalinity by visual endpoint titration and has a range of 10-4,000 mg/L.
Groundwater pH was measured in the field using an Orion 520A pH meter that was
calibrated prior to analysis. Raw groundwater samples for anion analyses and
groundwater samples preserved with nitric acid for cation analyses were collected, stored
on ice and returned to the University of Memphis for major and minor element chemical
analysis and preparation for other analyses. Anions were measured on a Dionex DX-120
ion chromatograph. Metals were analyzed using a Varian FS220 flame source atomic
absorption spectrometer. Groundwater samples for stable isotope analysis were
collected and sent to the University of New Mexico for analysis.
A Solinst® pressure transducer was installed in piezometer PZ-1008-04 to collect
water level data and to evaluate the tidal signal in the aquifer. The collection setting on
the transducer was inadvertently set to collect data every minute. The location of the
piezometer is shown in Figure 29.

39

Figure 29: Location of Piezometer.
Data Processing
Boring Logs
MDOT made available 600 boring logs collected in Harrison County for various
highway construction and improvement projects. The earliest boring logs were collected
by drill teams in April 1964 and the most recent boring logs were collected in May-June
2006. Data from monitoring wells and cross sections taken from Keesler Air Force Base
(Parsons, 2000), Dupont, Gulfport Biloxi International Airport, the Chemfax, Inc. (Smith,
2002), and the National Guard Armory (HAZWRAP, 1992). The usability of each boring
log/cross section was based on several criteria as follows:
Location: If the boring logs were located outside of the study area they were not
used.
Duplication: If multiple boring logs were present for the same location, the most
complete boring log was chosen.
Data: In some cases, the boring log lacked x, y, or z data. In such cases, the
boring log was not used.
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Depth: In some logs, the depth of penetration was not sufficient to provide useful
data.
Legibility: Several logs were unreadable.
Using the above criteria, 155 usable engineering logs were identified. From these
boring logs, detailed cross sections were made using Rockware 16. The cross sections
extend to a maximum depth of 40 meters and show the surficial aquifer and confining
units. The boring logs were collected by numerous drillers, from 1964 to 2006. The
quality, description and level of detail of the boring logs varied greatly, therefore level of
detail was limited to whether a sample was primarily sand, clay, gravel or silt. The cross
sections were compared to descriptions found in Otvos (2004) (Figure 4, Figure 5, and
Figure 6) for identification of units; however, geologic units were not always discernible.
Boring Log Locations are given as Figure 30. Examples of boring logs are given as
Figure 31.
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Figure 30 : MDOT Boring Log Locations.
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Figure 31: Typical Boring Logs Used in the Study.
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Digital Elevation Model
A digital elevation model (DEM) was downloaded from
http://upwell.pfeg.noaa.gov/. The model is bounded by Latitude and Longitude
coordinates: N 30.2, W 88.8; N 30.2, W 89.4; N 30.45, W 88.8; N 30.45, W 89.4. The
DEM is referenced to MHW. Figure 32 shows the relationship between MHW and other
tidal and vertical datums at Cadet Point, Biloxi, MS.

Figure 32: Tidal References for the Current Tidal Epoch 1983-2001.
https://tidesandcurrents.noaa.gov/datums.html?id=8743735
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Figure 32 (Continued): Tidal References for the Current Tidal Epoch 1983-2001.
https://tidesandcurrents.noaa.gov/datums.html?id=8743735
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The DEM was processed using Surfer 12. The data were processed using the
kriging method, a grid file was created, and then the contours were generated. Contours
were generated at one-meter surge increments for current sea level and for a sea-level rise
of 0.6 meters. Other authors studying sea level rise in the northern GOM have used 1
meter (Nicolls et al., 2011; Vermeer and Rahmstorf, 2009; Martinich et al., 2013; Parris
et al., 2012; Williams, 2013; Thompson et al., 2014) or 2 m (Chu et al., 2014). The value
0.6 meters was used for the following reasons:
1. Global mean sea level rise for 2081–2100 relative to 1986–2005 is projected
to be in the range of 0.26 m to 0.98 m (Stocker et al., 2013).
2.

USACE intermediate and NOAA low rate at Dauphin Island is approximately
0.6 m by 2100.

3. Present estimates of rates along the TX Coast are 0.3 to 0.6 cm/y with the
highest rates of 0.68 cm/y occurring in Galveston (Comeaux et al., 2012).
4. The 0.6 m SLR rate was presented by Haer et al. (2013) as a high end value
for CHC.
5. Comparisons using 1-meter sea level rise can be done by comparing two maps
showing meter surge increments, so using 1 meter for sea level rise would be
redundant.
Maps were generated from current sea level to a 7-meter surge with 0.6 meter sea
level rise. The contours were constructed using bathtub models and did not consider
erosion, deposition, barriers, or wave height.
Areas and volumes were calculated between contours after completing the following
steps:
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1. The latitude, longitude, and meter points were converted to the Universal
Transverse Mercator Coordinate System (UTM) and meters using the Surfer
assign coordinate system tool.
2. A grid volume report was then created for each contour interval using the grid
file as the upper surface and the Z level of the contour as the lower surface.
3. Once the reports were created, the positive volume value for volumes and
positive planar area value for areas were recorded from the report.
4. The value for the upper contour was subtracted from the lower contour to get the
volume or area between the two contours.
SLOSH
Extent of storm surge was evaluated using the SLOSH model. Using the SLOSH
model display, MEOW was determined for the study site as bounded by the following
coordinates: N 30.15, W 88.77; N 30.15, W 89.42; N 30.45, W 88.77; N 30.45, W 89.42.
This model display was run for the Hurricane Camille (1969) as offered in Figure 13,
and Hurricane Katrina (2005) as offered in Figure 14. The Maximums of MEOWs
(MOMs) for the location were then determined for CAT 1 through 5 hurricanes at high
tide as offered in Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19,
respectively. The high tide is assumed to be 0.6 meters. The SLOSH display for a CAT
3 hurricane was then compared to the bathtub model for 6 m sea-level rise at MHW to
calibrate the bathtub model and to determine if the bathtub model was sufficient for the
reference for storm surge and projected storm surge following SLR. SLOSH and bathtub
models were also compared to satellite imagery showing rack lines following Hurricane
Katrina.

48

Groundwater Flow direction
Groundwater gradient data for the unconfined aquifer were collected from
multiple public domain environmental reports (HAZWRAP, 1993; Parsons, 2000; Smith,
2002; Rosansky and Cumming, 2003). The gradients were developed from data collected
from perimeter non-pumping monitoring wells screened in the Gulfport Formation. The
wells typically indicated a water table at approximately 1-2 meters below ground surface.
The gauging of the water levels was done by others on different dates, seasons, and years;
thus the compilation of groundwater level data represents a composite true potentiometric
level map. However, the gradients from site specific potentiometric maps were used to
show general groundwater directions.
Historical Records
Public official accounts of hurricanes, the damage caused by hurricanes, data
collected, and information from eyewitness accounts have appeared in the Monthly
Weather Review since July 1872.

The official accounts summarized information

collected from newspapers in the area around the impact. The accounts list a variety of
storm related information including: surge elevation, precipitation, extent of erosion,
number and extent of damaged ships, fatalities and other pertinent information. The
accounts often also show tracks of the storms for the month being reviewed. This
information was summarized in Chapter 1. The information from these summaries is
used to support expected storm surge elevations, rainfall measurements, and coastal
erosion.
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Eyewitness accounts (Hurricane Katrina)
Video recordings and eyewitness accounts were used to establish a time table for
precipitation and storm surge for Hurricane Katrina. Video accounts from Harrison
County during Hurricane Katrina (Ultimate Chase, 2005) were used to establish a
timeline for surge elevations by comparing the storm surge to the time stamp and narrator
descriptions.
Calculating Recharge
A ground water budget was developed using precipitation values from the
Gulfport Biloxi International Airport. The study area has not been evaluated for recharge
quantitatively, though references of rapid recharge and exclusive recharge from
precipitation (i.e., Smith, 2002) do exist. Based on groundwater gradients, surrounding
hydrologic and geologic features, and the aquifer geology, recharge to the surficial
aquifer is primarily from the precipitation that falls over the study site. Based on the
groundwater levels and flow directions, flow radiates from the central high area and
flows towards the coast, the BBB and the rivers and bayous that separate CHC and the
Gulfport Formation from the mainland.
Assuming that the above statements are true and that recharge to the surficial
aquifer is only from precipitation, the input to the groundwater system (RN) can be
determined using the following equation:
P-ΔS-ET-QO=RN
Where:
P=precipitation (collected from Gulfport Biloxi International Airport);
ΔS=change in storage (Assumed to be 0 due to shallow water depths and
50

lack of extraction);
ET=Evapotranspiration (Calculated using Thornthwaite monthly water
balance model);
QO=Discharge out of the system including direct and indirect runoff and
groundwater discharge; and
RN= input to the groundwater system (fluid source).
Thornthwaite monthly water balance model
The Thornthwaite monthly water balance model uses the temperature of the air to
evaluate available energy for evapotranspiration, with the assumption that air temperature
is correlated with the integrated effects of net radiation and other controls of
evapotranspiration, and that available energy is shared in fixed proportion between
heating the atmosphere and evapotranspiration (Thornthwaite, 1948, Dunne and Leopold,
1978). The empirical method that Thornthwaite developed is
𝐸𝑡 = 1.6[

10𝑇𝑎 𝑎
]
𝐼

Where 𝐸𝑡 =Potential Evapotranspiration in cm/month
Ta=mean monthly air temperature
𝑇𝑎𝑖 1.5
]
5

I=annual heat index =∑12
𝑖=1[

a=0.49 + 0.0179I - 0.0000771I2 + 0.000000675I3.
Saturated Unsaturated Transport Model (SUTRA)
The SUTRA model is a computer model that simulates variable density saturated
and unsaturated ground-water flow with either solute or energy transport. The model
employs 2-dimensional or 3-dimensional finite difference and finite element methods to
approximate the governing equations that describe groundwater flow and solute or energy
transport (Voss, 1984; Voss and Provost, 2003). The SUTRA source code and graphical
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user interface (GUI) were downloaded from
http://water.usgs.gov/nrp/gwsoftware/sutra/sutra.html and the SUTRA code and GUI
were processed using the Argus One software package purchased from
http://argusone.com .
The choice of the SUTRA model is based on the program’s ability to
mathematically model variable density flow. While this approach is more time and
computationally intensive than sharp interface approaches used in many coastal
salinization projects (e.g., Person et al., 1998; Misut et al., 2004), it permits the
investigation of problems where salinization can occur through movement of both the
saltwater/freshwater interface, and the seepage of saline water from the land surface. The
author has previously use SUTRA to simulate the salinization effects of tsunamis on
small islands (Urbano and Thibault, 2007).
To investigate the historic and potential impacts of storm surge on the CHC
surficial aquifer, full and partial simulations were run. Both simulations are meant to be
simplified and generalized representations of the movement of storm surge through the
CHC subsurface as revealed by boring logs and cross sections developed in this and
previous studies. The CHC simulation is used to model the impact of storm surge in a
way that is simple enough such that the simulation can be applied to other regions, but
still captures the CHC conditions.
The SUTRA model uses two mass balance equations, an equation for fluid and an
equation for solute.
The fluid mass can be described by the equation:
𝜌𝑆𝑜𝑝

𝜕𝜌
𝜕𝜌 𝜕𝐶
𝐤𝜌
+𝜀
− ∇ ∙ [ ∙ (∇𝑝 − 𝜌𝑔)] = 𝑄𝑝
𝜕𝑡
𝜕𝐶 𝜕𝑡
𝜇
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Where:
𝜕𝜌

𝜌=fluid density [kg/m3] expressed as 𝜌 = 𝜌𝑜 + 𝜕𝐶 (𝐶 − 𝐶𝑜 )
Where C is the concentration of solute [mass fraction] [kgsolute/kgfluid]
𝐶𝑜 is the reference concentration
and 𝜌𝑜 is fluid density at 𝐶𝑜
𝜕𝜌

and 𝜕𝐶 is the density change with respect to C (assumed constant)
𝑆𝑜𝑝 is the specific pressure storativity [kg/ms2]-1 expressed as
𝑆𝑜𝑝 = (1 − 𝜀)𝛼 + 𝜀𝛽
Where 𝛼 is the compressibility of the porous matrix [kg/ms2]-1
and 𝛽 is the compressibility of the porous matrix [kg/ms2]-1
and 𝜀 is the fractional porosity
k is the permeability tensor [m2]
𝜇 is the fluid viscosity [kg/ms]
𝑝 is the fluid pressure [kg/ms2]
𝑔 is the gravity vector [m/s2]
𝑄 p is a fluid mass source [kg/m3s]
The fluid velocity is given by:
𝐯 = −[

𝐤𝜌
∙ (∇𝑝 − 𝜌𝑔)]
𝜀𝜇

And the solute mass balance can be described by the equation:
𝜀𝜌

𝜕𝐶
𝜀𝜌𝐯 ∙ ∇𝐶 − ∇ ∙ [𝜀𝜌(𝐷𝑚 𝐈 + 𝐃) ∙ ∇𝐶] = 𝑄𝑝 (𝐶 ∗ − 𝐶)
𝜕𝑡
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Where:
Dm is the coefficient of molecular diffusion in porous medium fluid [m2/s]
I is the identity tensor [1]
D is the dispersion tensor[m2/s]
C* is the concentration of a fluid source [kgsolute/kgfluid]
The fluid and solute mass balance equations are computationally intensive and therefore
necessitate the use of computer modeling.
Laboratory Methods
Samples taken in the field for cation and anion analysis were analyzed at the
University of Memphis. During field collection, samples for cation analysis were field
filtered using a Whatman 0.45 micron filter and stabilized using 69% nitric acid.
Samples for anions were collected without a preservative. Anions were measured in raw
water samples on a Dionex DX-120 ion chromatograph. Cations were analyzed using a
Varian FS220 flame source atomic absorption spectrometer.
Groundwater samples for stable isotope analysis were collected and sent to the
University of New Mexico for analysis. Deuterium (2H) and oxygen-18 (18O) are stable
isotopes that were used in this study to identify different sources of recharge to the
coastal aquifer. Deuterium and 18O values are expressed as δ2H and δ18O in per mil (‰)
deviation from the 2H/H and 18O/16O ratios in the Vienna Standard Mean Ocean Water
(VSMOW) standard, which is assigned δ2H and δ18O values of zero ‰ (Gat and
Gonfiantini 1981). Deuterium and δ18O samples were analyzed with a precision (twosigma) of 2 and 0.2 ‰, respectively, using methods described by Epstein and Mayeda
(1953).
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Chapter 3 Results
The following chapter includes results from field and analytical data collection,
boring log data, formulation of a hydrologic budget, erosion estimations, processed DEM
files, a conceptual groundwater flow model and a numerical groundwater flow model.
The analytical and physical results from field data collected from monitoring wells
MDOT-1 and MDOT-2 are used to evaluate post-surge event salinity, hydraulic gradient,
groundwater elevation and groundwater geochemistry. Transducer data from PZ-100804 are reported. The boring logs are used to develop hydrostratigraphic cross-sections
through the study area. The hydrologic budget is created using the Thornthwaite monthly
water balance model and developed from historical meteorological and climate data and
values taken from literature. The estimated extent of erosion is determined using the
Bruun equation. This information is used to evaluate change in the recharge area
following SLR. DEM data are used to develop inundation maps that allow for evaluation
of the horizontal extent of various surge scenarios using a bathtub model. The above
results are then used to develop a conceptual hydrogeologic model and a generalized
SUTRA computer model of the coastal hydrology of Harrison County, Mississippi.
Field Results
Levelogger Data
Levelogger data were collected from PZ-1008-04 from August 16, 2006September 1, 2006, to record water levels and to detect any tidal and precipitation
influences on the water levels. The levelogger data show a total range in potentiometric
levels of 4.488-4.614 m with a maximum variation in height of approximately 0.126 m
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(Figure 33). The levelogger data show an average daily variance in elevation of 0.024
m. Precipitation events and the expected tidal signal are also indicated on the chart.
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Figure 33: Piezometer 1008-04 Hydrographs.
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Figure 33 (Continued): Piezometer 1008-04 Hydrographs.
Water Levels
Water levels were collected on September 21, 2007, August 23, 2008, August 31,
2008, September 6, 2008, and February 21, 2009. Water levels ranged between 5.16 m
above mean sea level (AMSL) and 5.43 m AMSL for monitoring well MDOT-1. Water
levels ranged between 2.10 m AMSL and 2.39 m AMSL for monitoring well MDOT-2.
For both wells, the lowest and highest water level elevation occurred on September 21,
2007 and September 6, 2008, respectively. Water table elevations are displayed in
Figure 34.
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Figure 34: MDOT-1 and MDOT-2 Hydrographs. Dashed lines indicate approximate
tropical disturbance dates. Blue lines show precipitation events.
Conductivity Profiles
Conductivity profiles were collected on September 15, 2007, September 21, 2007,
August 23, 2008, August 31, 2008, September 6, 2008, September 7, 2008, and February
21, 2009 from monitoring well MDOT-1. Conductivity profiles were collected on
September 15, 2007, September 21, 2007, August 23, 2008, August 31, 2008, September
6, 2008, and September 7, 2008 from monitoring well MDOT-2. Conductivity profiles
are presented as Figure 35 and Figure 36 for monitoring wells MDOT-1 and MDOT-2,
respectively. In MDOT-1, conductivities ranged from 325-800 µS/cm near the surface
and 725-500 µS/cm at 12.2 meters below ground surface (bgs). Monitoring well MDOT2 was installed at a location undergoing construction. The surface cover and casing were
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Conductivity Profiles at MDOT-1
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Figure 35: Conductivity Profiles MDOT-1.
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Figure 36: Conductivity Profiles MDOT-2.
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damaged, likely by construction traffic, prior to the August 23, 2008 visit. Profiles were
taken from the water table to 12.2 meters on September 15 and 21, 2007. By August 23,
2008, the well was filled in to 9.75 meters and by September 7, 2008, the well lost an
additional four meters. The well was completely filled in before the last site visit on
February 21, 2009. In MDOT-2, conductivities ranged from 190-690 µS/cm near the
surface and 500-600 µS/cm at 12.2 meters bgs.
Chemical Analyses
Cation and anion data were measured in samples from monitoring wells MDOT-1
and MDOT-2 at the surface and at depths near the base of the well at time of sampling.
In addition, sea water samples were collected in the swash zone during the sampling
events. The data are displayed in Figure 37.
Relative fractions of seawater in the well samples were calculated and water
compositions were recalculated using methods outlined in Appelo and Postma, 2005.
The chemical reactions resulting from the movement of saline surge water moving
through fresh formation waters can be deduced by calculating the expected composition
based on conservative mixing of fresh and salt water and then comparing those results
with measured concentrations.
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Major Solute Data Obtained from MDOT-1 and MDOT-2
EXPLANATION
Sound Water Sample 2/21/2009
Precipitation Average 2010
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Figure 37: Piper Diagram of Field Data. Piper Diagram shows major solute data obtained
from samples collected from MDOT-1 and MDOT-2 and Mississippi Sound water sample.
Precipitation data from Grand Bay N 30.4294, W88.7277 accessed at
http://nadp.sws.uiuc.edu and from Biloxi collected on 9/15/1960 (Harvey, 1965).
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The concentration of an ion i, by conservative mixing of seawater and freshwater
is:
mi, mix=fsea · mi, sea + (1- fsea) · mi, fresh
Where:
mi is the concentration of i;
fsea = the fraction of seawater in the mixed water;
and the subscripts mix, sea, and fresh indicate a conservative mixture, seawater, and
freshwater respectively.
Any change in the concentration mi, react due to reactions becomes:
mi, react = mi, sample – mi, mix
Where:
mi, sample is the measured concentration in the sample.
The fraction of seawater, fsea, is calculated using the Cl- concentration of the
sample. Chloride is assumed to be a conservative parameter. The Cl- based fraction of
seawater is:
𝑓𝑠𝑒𝑎 =

𝑚𝐶𝑙−,𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑚𝐶𝑙− ,𝑓𝑟𝑒𝑠ℎ
𝑚𝐶𝑙−,𝑠𝑒𝑎 − 𝑚𝐶𝑙− ,𝑓𝑟𝑒𝑠ℎ

The calculated concentration of major cations and anions, the calculated changes
in concentrations due to reactions, and the calculated Cl- based fraction of seawater are
given in Figure 38.
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Sample ID
MDOT-2 wt
MDOT-2 wt
MDOT-2 5 m bwt
MDOT-2 5 m bwt
Sound water sample
MDOT-1 wt
MDOT-1 9 m bwt
Ethel Precip w/seaspray
Rain 2010

MDOT-2 wt
8/31/08
pH
Na+
K+
Mg2+
Ca2+
ClHCO3SO42fsea

MDOT-2 wt
9/6/2008
pH
Na+
K+
Mg2+
Ca2+
ClHCO3SO42fsea

Seawater
8.423
951.987
7.321
26.551
7.288
616.938
2.519
31.676
100

Seawater
8.423
951.987
7.321
26.551
7.288
616.938
2.519
31.676
100

Date
8/31/2008
9/6/2008
8/31/2008
9/6/2008
2/21/2009
2/21/2009
2/21/2009
9/15/1960
12/31/2010

Sample
7.04
1.598
0.091
0.284
1.752
1.917
5.231
0.200
0.0031

Sample
6.85
2.136
0.109
0.320
2.334
1.764
2.459
0.276
0.0028

Figure 38: Recalculated Water Compositions.
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Mix
4.692
2.943
0.023
0.084
0.025
1.934
0.008
0.108

Mix
4.691
2.706
0.021
0.076
0.022
1.749
0.007
0.099

fsea
0.0031
0.0028
0.0034
0.0030
1.0000
0.0012
0.0011
0.0034
0.0000

React
2.348
-1.345
0.067
0.200
1.728
-0.017
5.223
0.092

Freshwater
4.680
0.018
0.001
0.002
0.002
0.022
0.000
0.010
0

React
2.159
-0.570
0.087
0.244
2.311
0.015
2.452
0.177

Freshwater
4.680
0.018
0.001
0.002
0.002
0.022
0.000
0.010
0

MDOT-2 5 m bwt
8/31/2008
pH
Na+
K+
Mg2+
Ca2+
ClHCO3SO42fsea

MDOT-2 5
m bwt
9/6/2008
pH
Na+
K+
Mg2+
Ca2+
ClHCO3SO42fsea

Seawater
8.423
951.987
7.321
26.551
7.288
616.938
2.519
31.676
100

Seawater
8.423
951.987
7.321
26.551
7.288
616.938
2.519
31.676
100

Sample
7.11
2.018
0.149
0.299
1.863
2.149
3.703
0.191
0.0034

Sample
7.1
2.877
0.129
0.320
1.735
1.888
3.439
0.218
0.0030

Mix
4.693
3.301
0.026
0.092
0.027
2.119
0.009
0.118

Mix
4.691
2.898
0.023
0.082
0.024
1.872
0.008
0.105

React
2.417
-1.283
0.123
0.207
1.836
0.030
3.694
0.073

React
2.409
-0.021
0.107
0.238
1.711
0.016
3.431
0.113

Freshwater
4.680
0.018
0.001
0.002
0.002
0.022
0.000
0.010
0

Freshwater
4.680
0.018
0.001
0.002
0.002
0.022
0.000
0.010
0

MDOT-1
wt
2/21/2009
pH

Seawater
8.423

Sample
6.82

Mix
4.684

React
2.131

Freshwater
4.680

Na+
K+
Mg2+
Ca2+
ClHCO3SO42fsea

951.987
7.321
26.551
7.288
616.938
2.519
31.676
100

0.650
0.041
0.246
1.868
0.757
4.359
0.302
0.0012

1.153
0.009
0.034
0.011
0.762
0.003
0.048

-0.503
0.032
0.212
1.857
-0.005
4.356
0.254

0.018
0.001
0.002
0.002
0.022
0.000
0.010
0

Figure 38 (Continued): Recalculated Water Compositions.
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MDOT-1
9 m bwt
2/21/2009
pH

Seawater
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Figure 38 (Continued): Recalculated Water Compositions.
Stable Isotopic Data
Stable oxygen and hydrogen isotopic composition of groundwater samples from
wells MDOT-1 and -2 and sea water were collected in Gulfport in 2006, 2008 and 2009
and are displayed in Figure 39. The data are plotted along with the Global meteoric
water line (GMWL - solid) and local meteoric water line (dashed). The data collected on
August 23, 2008, and September 6, 2008, were collected before Tropical Depression Fay
and Hurricane Gustav, respectively. The data collected on August 31, 2008 and
September 7, 2008 were collected after Tropical Storm Fay, and Hurricane Gustav,
respectively.
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Figure 39: Stable Isotope Data. A description of the chart is given in the text.
Cross Sections
Two cross sections spanning the Gulfport Formation approximately perpendicular
to the shoreline were generated using soil boring data available from the MDOT boring
logs and supplemented with well logs obtained from the Mississippi Department of
Environmental Quality (MDEQ). The cross sections trend north-south along the short
axis of the CHC. The locations of the cross-sections were determined by data availability
and are in the vicinity of Highway 15/Interstate 110 (A-A’) and Highway 45 (B-B’). The
cross-section locations are displayed in Figure 40.
Cross Section A-A’ (Figure 41) extends landward from I-10 on the Prairie
Formation Terrace (Otvos, 1985), crosses the Biloxi Back Bay and trends into the city of
Biloxi, terminating at the coast. The surface deposits are primarily fine to medium grain
sands underlain by a layer of clay slightly below sea level. In the portion of the cross
section taken in the Biloxi Back Bay (BBB) a 1-2 m layer of sediments described as
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“muck” in the soil descriptions overlies sand and clays.

This material is clay with some

sand and silt typical of deposition in lower energy bay environments (Otvos, 1985). In
the Biloxi region, the cross section shows an upper surface layer ranging between 0-5 m
of sand identified as the Gulfport Formation underlain by a 1-3 m clay layer identified as
the Biloxi Formation that overlies a pink to white clayey sand identified as the Upper
Miocene, which extends to depths in excess of 20 m. Below the Upper Miocene clayey
sand zone is a hard blue clay identified as the Pascagoula Formation by local drillers that
is ubiquitous throughout the region.
Cross section B-B’ (Figure 42) extends from the landward Prairie Formation
Terrace (Otvos, 1985) across a low lying Holocene freshwater forested wetland, through
the Naval Construction Battalion Center and into the town of Gulfport before terminating
at the coast. The cross section reveals a surficial aquifer ranging between 8 and 16 m in
thickness underlain by a clay lens that ranges in thickness from 6 meters near the coast to
absent 5 km inland. A 6 m confined aquifer underlies the clay layer. Beneath this sandy
layer is the lower confining “Pascagoula?” unit.
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Figure 40: Cross Section Location Map.
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A’

A

Figure 41: Cross Section A-A’. See Figure 40 for location of cross section.
Stratigraphic window in lower confining unit circled in red. Cross Section A-A’ is used
for conceptual site model development and for the SUTRA model domain.
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Cross Section B-B’
B

B'

Figure 42: Cross Section B-B’. See Figure 40 for location of cross section.
Groundwater Flow
Groundwater levels have been historically monitored at multiple locations in CHC
by others (Smith, 2002; ABB Technical Bulletin, 1994) and used to develop general
groundwater flow directions. Groundwater flow directions are based on water levels
taken from several sites including Keesler Air Force base (Parsons, 2000), the USDA
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Aphis Facility (Fisher, 2007), the Naval Construction Battalion Center (ABB, 1994,
Rosansky, et al, 2003), the Chemfax Plant (Smith, 2002) and the MDOT wells. The
groundwater levels were taken over multiple years and are used to show general
groundwater flow directions. Groundwater levels and flow directions shown on Figure
43 indicate that flow radiates from the central high areas of the study site and flow
towards the coast, the BBB and the rivers and bayous.

Figure 43: Aquifer Groundwater Gradients, Topography and Bathymetry. Depths and
elevations are referenced to MHW for the current Tidal Epoch 1983-2001. Image created
using DEM from http://upwell.pfeg.noaa.gov.
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Hydrologic Budget
The recharge to the groundwater system (RN) was determined using the following
equation:
P-ΔS-ET-QO=RN
Where:
P=precipitation; ΔS=change in storage; ET=Evapotranspiration; QO=Discharge
out of the system including direct and indirect runoff and groundwater discharge; and
RN= input to the groundwater system (fluid source).
As stated in the introduction, average annual precipitation for the region based on
data collected at the centrally located Gulfport Biloxi International Airport from 1/1/2001
to 12/31/2015 is 150 cm/y ( http://w2.weather.gov/ ). Temperature data at the same
locality indicates a mean annual maximum of 36.8 C and mean annual minimum of -5.6
C. These values along with a direct runoff estimate 5% of precipitation or 7.5 cm/y
(McCabe and Markstrom, 2007), and study site latitude were input into the Thornthwaite
model to determine Evapotranspiration (96.5 cm/y) and total recharge (46 cm/y). The
above values are annual average values and do not take year to year or event to event
fluctuations into consideration. Monthly precipitation and evapotranspiration are greatest
on average during summer months.

During the period from 2001-2015 precipitation

was lowest in 2006 (immediately following Hurricane Katrina) 2008, and 2011. Years
with particularly high precipitation rates included 2001, 2002, and 2005. Graphs
showing monthly and annual variability in precipitation are presented as Figure 44. The
data from Figure 44 were then used to develop a water budget for CHC (Figure 45).
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The output from the Thornthwaite model is presented as Figure 46.
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Figure 44: Water Budget Monthly and Annual Averages 2001-2015.
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Figure 45: Water Budget for CHC.
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Figure 46: Hydrologic Parameters from Thornthwaite Model.
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Bruun Rule
As described in the Introduction and Methods, the Bruun Rule is used to estimate
the amount of erosion that takes place for a given amount of SLR. For the 0.6 meter sea
level rise scenario and a slope (S) of 1/0.02:
1

𝑅 = (𝑡𝑎𝑛𝜃) 𝑆 =(1/.02)0.6m=30 meters.
This change in land area due to erosion is added to the change in land area following 0.6
m sea level rise. These changes result in a reduction in total recharge which is considered
in the computer simulations.
Sea Level Rise and Surge Maps
Sea level rise and surge maps are displayed in Figure 47 through Figure 54. The
maps were generated using DEMs obtained from http://upwell.pfeg.noaa.gov and
referenced to mean high water. The latitude and longitude resolution is 0.000278
decimal degrees. The development of the maps is described in the Methods chapter. The
maps show the areas likely inundated given zero m to seven m of surge, corresponding to
the range between current conditions and the maximum height of storm surge (Katrina
magnitude) to impact the area, respectively. The maps additionally show the areas likely
inundated given a 0.6 m sea level rise. The figures also show that there is a ridge that
extends parallel to the coast line and remains intact through the 7 m inundation. The
ridge along with the historic groundwater flow directions are used to define the
hydrologic boundary for the groundwater model presented later.
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Area inundated by
0.6 m SLR=40.2 km2

Figure 47: Inundation Map Showing 0.6 m SLR and 0 m Surge. Image created using
DEM from http://upwell.pfeg.noaa.gov.
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Area inundated by 1
m surge=59.5 km2
Additional area
inundated by 0.6 m
SLR=27.8 km2

Figure 48: Inundation Map Showing 0.6 m SLR and 1 m Surge. Image created using
DEM from http://upwell.pfeg.noaa.gov..

78

Area inundated
between 1m and 2m
surge=45.8 km2
Additional area
inundated by 0.6 m
SLR=26.3 km2

Figure 49: Inundation Map Showing 0.6 m SLR and 2 m Surge. Image created using
DEM from http://upwell.pfeg.noaa.gov.
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Area inundated
between 2m and 3m
surge=43.2 km2
Additional area
inundated by 0.6 m
SLR=25.5 km2

Figure 50: Inundation Map Showing 0.6 m SLR and 3 m Surge. Image created using
DEM from http://upwell.pfeg.noaa.gov.

80

Area inundated
between 3m and 4m
surge=42.7 km2
Additional area
inundated by 0.6 m
SLR=26.9 km2

Figure 51: Inundation Map Showing 0.6 m SLR and 4 m Surge. Image created using
DEM from http://upwell.pfeg.noaa.gov.
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Area inundated
between 4m and 5m
surge=46.6 km2
Additional area
inundated by 0.6 m
SLR=36.1 km2

Figure 52: Inundation Map Showing 0.6 m SLR and 5 m Surge. Image created using
DEM from http://upwell.pfeg.noaa.gov.
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Area inundated
between 5m and 6m
surge=61.9 km2
Additional area
inundated by 0.6 m
SLR=36.5 km2

Figure 53: Inundation Map Showing 0.6 m SLR and 6 m Surge. Image created using
DEM from http://upwell.pfeg.noaa.gov.
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Area inundated
between 6m and 7m
surge=59.1 km2
Additional area
inundated by 0.6 m
SLR=29.0 km2

Figure 54: Inundation Map Showing 0.6 m SLR and 7 m Surge. Image created using
DEM from http://upwell.pfeg.noaa.gov.
In Figure 47 through Figure 54, changes in land area are given for 1 meter
increments of storm surge inundation. Additionally, changes in land area are given for
the same increments but including 0.6 meters of SLR. Figure 55 displays a graph of the
area inundated per meter of inundation. The changes in land area inundated for the 0
contour and the 0.6 contour corresponds to an equal reduction in land available for
freshwater recharge. This reduction was calculated to be a 175 m cross sectional
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reduction in the vicinity of cross section A-A’ based on a 145 m loss due to land
inundation plus a 30 meter loss due to land eroded as calculated using the Bruun Rule.
This reduction in land receiving freshwater recharge is then subtracted from the total
source calculation that represents the sole source of groundwater for the model area.
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Figure 55: Area inundated between meter contours. See Figure 47 through Figure 54.
Modified Ghyben-Herzberg Equation
The estimated depth of the saltwater/freshwater interface was calculated using
average salinity (15 ppt) at Point Cadet Harbor (Figure 7 a) to be 110 m below sea level
where the water table is 1 meter above sea level. For a 1 m freshwater head (Figure 56).
H = H / ( –  )
B

f

B

f

H = Depth to Brackish water
B

H = Depth of freshwater above sea level
f

85

 = Density of Brackish water (1.009 g/cm3)
B

 = Density of freshwater (1.000g/ cm3)
f

( –  ) = 0.009g/ cm3
s

f

1m/(0.009g/ cm3)= 110m below Mean Sea Level (MSL).

Sharp Brackish water/Freshwater Interface
Using Ghyben Herzberg Method
Density of Brackish water=1.009 g/cm3
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Figure 56: Sharp Interface for Brackish Water.
The above sharp interface depth is over twice the expected depth of the interface at
salinities typical of the open ocean (Figure 57).
H = H / ( –  )
S

f

S

f

H = Depth to Saline water
S

H = Depth of freshwater above sea level
f

 = Density of Saline water (1.025 g/cm3)
S

 = Density of freshwater (1.000g/ cm3)
f
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( –  ) = 0.025g/ cm3
s

f

for a freshwater head of 1 m amsl
1m/(0.025g/ cm3)= 40m below MSL.

Sharp Saltwater/Freshwater Interface
Using Ghyben Herzberg Method
Density of Saline water=1.025 g/cm3
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Figure 57: Sharp Interface for Saline Water.
Again, this model assumes a sharp interface and does not consider a zone of
mixing. Based on the height of the water table in the region and the known geology of
the aquifer as well as the salinity profiles, the interface should not be found in the MDOT
wells.
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Conceptual Model
A conceptual model for CHC was developed using the geologic, meteorologic,
and climatic data described in the previous sections of the results and previous
investigations. The simplified hydrogeologic setting of the model is based on cross
section A-A’ and shows an unconfined sandy aquifer with a water table ranging from 0 m
to 3 m amsl (Figure 58). The aquifer is underlain by the Biloxi formation confining unit.
Precipitation and recharge data were incorporated from the hydrologic budget, Figure 45.

Figure 58: Conceptual Model.
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SUTRA Model Results
Model Dimensions and Input parameters
Full and partial models were developed to simulate groundwater flow in the surficial
aquifer using SUTRA. The full SUTRA Model is based on a portion of cross section A-A’
displayed in Figure 41. The model simulates groundwater flow for an area 10 meters in the
Y direction and 2,550 meters in the X direction. The model is displayed as Figure 59. The
model is composed of 1470 elements, with 85 elements in the x direction and up to 20
elements in the y direction. The model contains 1576 nodes.
Model parameters are displayed in Figure 60.
On the south and north boundaries of the model space, a hydraulic pressure boundary
exists that simulates the interface between the more saline estuarine water on the Sound side
and the less saline BBB water on the North side. For the model, conservatively high salinity
values of 0.0357 ppt (Sound) and 0.020 (BBB) are used. On the Sound side, the following
equation is used to establish the pressure boundary (Henry, 1964):
((ρo) + ∂ρ/∂C *Csea) * |g|*(0-y)

(1000 kg/m3 + 700kg/m3 * 0.0357kg/kg TDS) * 9.8m/s2 * (0.m - Y()m)
Where:
ρo=density of fresh water (kg/m3)

∂ρ/∂C=change in density as concentration changes
Csea=Salinity of sea water
|g|=gravity
Y depth below sea level (m).
The salinity value used on the Sound side is higher than values typically found in the
Sound except during periods of low precipitation and represents a worst case.
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Partial Model

Sea Level

Figure 59: The full model for Cross Section A-A’. The model area is shown in Figure
41. The partial model location is outlined.
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Parameter

Value

Unit

Recharge

0.46

m/y

Sea Water Concentration

0.0357

Kgtds/kgfluid

Permeability

5.0 e-9

m2

Duration

4

Hours

Transverse Dispersivity

0.5

m

Longitudnal Dispersivity (Horizontal)

0.5

m

Longitudnal Dispersivity (Vertical)
Known

0.5

m

Density of Seawater

1029

kg/m3

1000

kg/m3

9.81

m/sec

Variable

Density of Freshwater
Gravity
Porosity
Equation of State
Fluid Viscosity

0.25
700*c

kg/ms

0.001

kg/ms

Full Model
Large Elements

37

Large elements max (x direction)

8

Large elements max (y direction)

6

Small elements

1470

Horizontal distance

2550

m

Model thickness

10

m

Partial Model
Elements

1

Small elements (x direction)

50

Small elements (y direction)

18

Horizontal distance

750

m

Model thickness

9

m

Figure 60. Parameters used in SUTRA models.
On the BBB portion of the model, the same equation is used but the salinity is lower due to
the input of multiple rivers, channels, bayous and wetland areas that lower the total salinity of
the bay.

(1000 kg/m3 + 700kg/m3. * 0.020 kg/kg TDS) * 9.8m/s2 * (0.m - Y()m)
When considering a 0.6 m SLR, the term (0.m - Y()m) is adjusted to (0.6 m-Y()m).
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Recharge of the model is delivered via precipitation with the initial conditions of
the model set to 0.46 m2/year (1.5 m2/year)1, over a distance of 2,550 meters or 1173
m3/year (3825 m3/year) which is equal to 3.7 e-5 m3/s (1.2 e-4 m3/s), or 0.037 kg/s (0.12
kg/s). No other sources of flow are considered. Salinity concentration for recharge is 0.0
ppt (Harvey et al., 1965). Recharge is spread uniformly over the top of the model.
The base of the full model is a no flow boundary, simulating the presence of a
confining clay layer that is found in most of the boring logs. Additionally, there is a zone
of low conductivity clay interpreted to be the Biloxi Formation that separates the upper
Gulfport Formation from Miocene? clayey sands. The model is run with this zone. The
Biloxi Formation is interpreted to be a true confining unit that limits vertical movement
of saline water into the lower Miocene clayey sands. Hydraulic conductivity of the
aquifer is 7.0*10-4 cm/s to 3.0*10-2 cm/s yielding an intrinsic permeability of 5*10-09.
This number is based on slug tests and reported values in (HAZWRAP, 1992 and
Parsons, 2000) and reported values for sand in Fetter, 1994. Values for the low
conductivity layer are from unit descriptions (Otvos, 2001; Parsons, 2000; MDOT Boring
Logs), and listed values for clay in Fetter (1994).
Full Model Simulation
The full model was run to establish initial conditions (Figure 61). The SUTRA
program was run for a model equivalent of 10 years at a time step interval of 1 hour for a
total of 87,660 time steps. After the establishment of initial conditions in the full model,
a narrow (~50m) saltwater/freshwater transition zone forms on the BBB side of the
model and a wider (~200 m) transition zone forms on the Sound side of the aquifer.

1

Total precipitation values are given in parentheses.
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Between the two transition zones a wide (>2000m) zone of zero to low salinity region
forms. A hydrologic divide is assumed to exist based on topography changes in the main
Gulfport Ridge Formation (Figure 41) and exists at approximately 2,900 meters with
groundwater flow moving towards the BBB on one side of the divide and groundwater
flow moving towards the Sound on the other side of the divide. Given the presence of a
large zone of freshwater, a hydrologic divide, and an upper confining unit, the full model
is reduced to a partial model, Figure 62.
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Figure 61: Establishing initial conditions for the full model. A description of the model
is provided in the text.
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Figure 62. Partial model showing location of observation nodes.
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Simulations (Partial Model)
Following the simulations of the full model, a partial model was run that
simulated the unconfined portion of the aquifer above the Biloxi Formation and bound by
the Mississippi Sound on the seaward side and by a no flow boundary generated by a
topographic high 750 meters inland. The Mississippi Sound side of the model was
modeled because salinity values are typically higher (See Figure 7a and b) and more
representative of storm surge impacts with less influence from local fluvial systems. For
the partial model, recharge is delivered via precipitation with the initial conditions of the
model set to 0.46 m2/year (0.46), over a distance of 750 meters or 345 m3/year which is
equal to 1.1 e-5 m3/s, or 0.011 kg/s.
Equilibrium is assessed by plotting salinity values from key observation nodes
through time until the values stabilize over time with a minimal difference (< 1 ppt) over
2 years. The observation nodes used to assess model stability are displayed in Figure 62.
Initial Conditions (Partial Model)
The partial model simulation was run for the equivalent of 12 years to allow for
the development of a saltwater wedge, similar to the full model.
Model Sensitivity (Partial Model)
A sensitivity analysis was conducted on the partial model to determine how single
hydrologic parameters affected the initial conditions while other parameters are held
constant. Model parameters subject to sensitivity analysis include porosity, recharge,
salinity, permeability, duration, and dispersivity. Parameters that were not considered
include:
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Sorption and retardation-The conservative anion of interest is chloride. Chloride
ions do not significantly enter into redox reactions, do not form important solute
complexes with other ions, do not form salts of low solubilities, are not
significantly adsorbed on to mineral surfaces, and play few vital biochemical roles
(Hem, 1970).
Aquifer and fluid compressibility: The modeled aquifer is an unconfined aquifer
with very little overburden and therefore very little downward stress. During
storm surge, the increased water column would add downward stress to the
aquifer skeleton; however, it is assumed that during this time, pore spaces are
fully saturated, fluid pressures are higher, and the aquifer does not compress. It is
further assumed that the surficial aquifer is not typically used for groundwater
withdrawal given the shallow depth of the aquifer and the presence of other
groundwater resources, so groundwater withdrawal, subsequent reduction of
pressure head, and increase in effective stress are not particularly important in the
surficial aquifer. One caveat to the above statements is that because the aquifer
material is loosely consolidated sediments and not significantly compacted, if the
current conditions were changed, the aquifer would be susceptible to aquifer
skeleton collapse.
Tidal range-The study site is in a diurnal micro tidal setting and tidal fluctuations
are assumed to not play a significant role in the movement of the
saltwater/freshwater interface when compared to storm surge. Previous studies in
microtidal environments (i.e., Cartwright et al., 2004); have shown that when
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compared to storm surge, recharge rates, permeabilities, etc. tides have a
negligible effect on the overall structure of the saltwater/freshwater interface.
Porosity
Change in porosity had little effect on the final concentration at each node
(Figure 63 and Figure 64). However, the higher porosity resulted in the model reaching
equilibrium 0.5-1 year later than the lower porosity.
Dispersivity
Dispersivity values were adjusted in the simulation by reducing the dispersivity to
0.1 m from 0.5 m (Figure 65) and by doubling the dispersivity value (Figure 66).
Changes in dispersivity had no impact on the model runs.
Total source input (recharge)
Changes in recharge had an observable impact on model runs. Doubling of
recharge resulted in lower concentrations at all nodes (Figure 67). A halving of recharge
resulted in higher salinity concentrations at all of the nodes with the aquifer becoming
more saline (Figure 68).
Permeability
Changes in permeability had an observable impact on this simulation (Figure 69
and Figure 70). A quadrupling of permeability resulted in increased salinity
concentrations at all nodes. All nodes reached at least 50% of maximum concentration
(0.0357 kg tds/kg seawater) within three years. An order of magnitude decrease in
permeability resulted in salinity concentrations of 0.00 at all nodes.
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Figure 63: Initial Conditions Porosity 0.35

Figure 64: Initial Conditions Porosity 0.25

Figure 65: Dispersivity Set at 0.1.
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Figure 66: Dispersivity Set at 1.0.

Figure 67: Recharge 0.92 m/y (Doubled).

Figure 68: Recharge 0.23 m/y (Halved).
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Figure 69: Permeability Increased by 4

Figure 70: Permeability Decreased by 10
Impact of Storm Surge
The second step is to simulate the movement of storm surge through the model.
Storm surge is simulated by modifying the pressure boundary simulating in 1 m
increments. The boundary equation therefore becomes
((ρo+ ∂ρ/∂C *Csea)* |g|*(1-y)
(ρo+ ∂ρ/∂C *Csea)* |g|*(2-y)
(ρo+ ∂ρ/∂C *Csea)* |g|*(3-y)
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For 1 m surge, 2 m surge, and 3 m surge, respectively. This change simulates the change in
hydrostatic pressure as inundation depths increase.

A specified concentration of 0.0357 is set for the surface nodes that fall within the
range of simulated inundation. Following the establishment of initial conditions (Figure
64), the model is run for four hours (Figure 71) comparable to the inundation time of
Hurricane Katrina ( www.stormchasingvideo.com, 2005). Following the surge run, the
model is again run with recharge of 0.46 m2/y. The model was run for initial conditions
(Figure 64), 1 m surge (Figure 71) and recovery (Figure 72), 2 m surge (Figure 73) and
recovery (Figure 74) , 3 m surge (Figure 75) and recovery (Figure 76). Model
snapshots are given as Figures 77-84.
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Figure 71: Change in concentration after a 1 meter storm surge lasting for 4 hours.

Figure 72: Recovery Following a 1 m Storm Surge.
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Figure 73: Change in Concentration After a 2 m Storm Surge Lasting for 4 Hours.

Figure 74: Recovery Following a 2 m Storm Surge.
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Figure 75: Change in Concentration After a 3 m Storm Surge Lasting for 4 Hours.

Figure 76: Recovery Following a 3 m Storm Surge. Red, purple, and blue lines indicate
approximate collection times (September 2007, August-September 2008, and February
21, 2009) for field data at MDOT-1.

105

Figure 77: Initial Conditions at Current Sea Level.

Figure 78: Velocity Vectors at Current Sea Level Condition.
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Figure 79: Salinity Concentrations After a 1 m Surge Lasting 4 Hours at Current Sea
Level.

Figure 80: Salinity Concentrations After Five-Year Recovery From a 1 m Surge Lasting
4 Hours at Current Sea Level.
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Figure 81: Salinity Concentrations After a 2 m Surge Lasting 4 Hours at Current Sea
Level.

Figure 82: Salinity Concentrations After Five-Year Recovery From a 2 m Surge Lasting
4 Hours at Current Sea Level.
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Figure 83: Salinity Concentrations After a 3 m Surge Lasting 4 Hours at Current Sea
Level.

Figure 84: Salinity Concentrations After Five-Year Recovery From a 3 m Surge Lasting
4 Hours at Current Sea Level.
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The model was subsequently run to establish initial conditions following a 0.6
meter sea level rise. For this run, recharge remained the same; however, the distance
across the aquifer was decreased by 145 meters to compensate for the reduction in
subaerial land following sea-level rise and by an additional 30 m as calculated by the
Bruun Rule to compensate for land lost due to erosion. Therefore, the initial fluid source
input of the 0.6 M SLR model was calculated as:
0.46 m2/year, over a distance of 575 meters or 265 m3/year which is equal to 8.4 e-6 m3/s,
or 0.0084 kg/s.
Model snapshots are given as Figures 85-92. Following the establishment of
initial conditions (Figure 93), the model is run for four hours (Figure 94). Following the
surge run, the model is again run with recharge of 0.46 m2/y. The model was run for
initial conditions (Figure 93), 1 m surge (Figure 94) and recovery (Figure 95) , 2 m
surge (Figure 96) and recovery (Figure 97) , 3 m surge (Figure 98) and recovery
(Figure 99).
A summary of stabilization concentrations and times at each node is given as
Figure 100.
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Figure 85: Initial Conditions at 0.6 m SLR.

Figure 86: Velocity Vectors at 0.6 SLR.
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Figure 87: Salinity Concentrations After a 1 m Surge Lasting 4 Hours at 0.6 m SLR.

Figure 88: Salinity Concentrations After Five-Year Recovery From a 1 m Surge Lasting
4 Hours at 0.6 m SLR.
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Figure 89: Salinity Concentrations After a 2 m Surge Lasting 4 Hours at 0.6 m SLR.

Figure 90: Salinity Concentrations After Five-Year Recovery From a 2 m Surge Lasting
4 Hours at 0.6 m SLR.
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Figure 91: Salinity Concentrations After a 3 m Surge Lasting 4 Hours at 0.6 m SLR.

Figure 92: Salinity Concentrations After Five-Year Recovery From a 3 m Surge Lasting
4 Hours at 0.6 m SLR.
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Figure 93: Initial Conditions 0.6 m SLR.

Figure 94: 1 m Surge Following 0.6 m SLR.

Figure 95: Recovery Following 1 m Surge with 0.6 m SLR.
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Figure 96: 2 m Surge Following 0.6 m SLR.

Figure 97: Recovery Following 2 m Surge with 0.6 m SLR.

Figure 98: Three m Surge Following 0.6 m SLR.
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Figure 99: Recovery Following 3 m Surge with 0.6 m SLR.

STABILIZATION CONCENTRATIONS
Node
Unit
IC
0.35
porosity
IC
0.25
porosity
Dispersivity
0.1

154
[C]

159
[C]

164
[C]

169
[C]

496
[C]

502
[C]

508
[C]

800
[C]

806
[C]

815
[C]

0

0

0

0

1

1

2

11

12

19

0

0

0

0

1

1

2

11

12

19

0

0

0

0

2

3

5

13

14

21

Dispersivity
1.0

0

0

0

0

2

3

5

13

14

21

Recharge x2

0

0

0

0

0

0

0

7

8

15

Recharge
halved

2

2

2.5

3

6

6

9

17

18

23

Permeability
x4

11

12

14

14

16

17

20

27

27

32

Permeability
x0.1

0

0

0

0

0

0

0

0

1

1

1m Surge

0

0

0

0

1

1

2

11

12

19

2m Surge

0

0

0

0

1

1

2

11

12

19

3m Surge

0

0

1

1

1

1

2

11

12

19

0.6 M SLR

4

4

6

8

11

11

16

35.7

35.7

35.7

1m Surge

6

6

7

9

13

13

19

35.7

35.7

35.7

2m Surge

6

6

7

9

13

13

19

35.7

35.7

35.7

3m Surge

6

6

7

9

13

13

19

35.7

35.7

35.7

Figure 100: Stabilization Concentrations and Times at Each Node. IC=initial conditions.
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STABILIZATION TIMES
Node
Unit
IC
0.35
porosity
IC
0.25
porosity
Dispersivity
0.1

154
(Years)

159
(Years)

164
(Years)

169
(Years)

496
(Years)

502
(Years)

508
(Years)

800
(Years)

806
(Years)

815
(Years)

0

0

0

0

5

5

5

5

5

5

0

0

0

0

4

4

4

4

4

4

0

0

0

0

8

8

8

8

8

8

Dispersivity
1.0

0

0

0

0

10

10

10

10

10

8

Recharge x2

0

0

0

0

0

0

0

2

2

2

Recharge
halved

22

22

22

22

22

22

22

20

20

14

Permeability
x4

10.5

10.5

10.5

10.5

10.5

10.5

10.5

10.5

10.5

9

Permeability
x0.1

0

0

0

0

0

0

0

0

0.75

0.75

1m Surge

0

0

0

0

3

3

3

1.5

1.5

1.5

2m Surge

0

0

0

0

4.5

4.5

4.5

3.5

3.5

2.5

3m Surge

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

2

0.6 M SLR

16

16

16

16

12

12

10

<1

<1

<1

1m Surge

4.5

4.5

4.5

4.5

3

3

2

0

0

0

2m Surge

4

4

4

4

0.5

0.5

0.5

0

0

0

3m Surge

1.5

1.5

1.5

1.5

0.5

0.5

0.5

0

0

0

Figure 100 (Continued): Stabilization Concentrations and Times at Each Node. IC=initial
conditions.
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Chapter 4 Discussion
Field Data
Conductivity Data
The MDOT-1 and MDOT-2 conductivity profiles, Figure 35 and Figure 36,
respectively, are indicative of freshwater with no distinct presence of a transition zone.
In MDOT-1, conductivities ranged from 325-800 µS/cm at the water table and 725-500
µS/cm at 12.2 meters bgs. In MDOT-2, conductivities ranged from 190-690 µS/cm at the
water table and 500-600 µS/cm at 12.2 meters bgs.
Transducer Data
Levelloger data were not recorded long enough to be of value to this study. There
appears to be a diurnal fluctuation in water level but it cannot be determined if this is a
tidal signal or a temperature signal.
Chemical Data
Major ion composition of ground-water samples from wells MDOT-1 and -2 were
placed on a Piper Diagram (Figure 37) along with sea-water compositions. The cation
and anion ternary plots illustrate a mixing trend between meteoric waters and sea water,
but is influenced by reaction with calcite.
Samples from the MDOT-1 exhibit Ca-HCO3 groundwater whereas samples from
MDOT-2 exhibit a Ca-Na-HCO3 to Ca-Na-HCO3-Cl water type. Water samples from
MDOT-2 have higher concentrations of the Cl- anion and higher calculated seawater
fractions which is consistent with a well location closer to the coast. The water types
indicate that MDOT-2 has a higher salinity signal. This salinity signal may be a residual
effect of storm surge, or it may be due to the closer proximity of MDOT-2 to the coast
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and thus a sea spray signal. Chloride concentrations in MDOT-2 are comparable to
concentrations in precipitation occurring during Hurricane Ethel (1960). The seawater
fraction based on chloride concentrations in MDOT-2 is 0.3% and shows a slight increase
with depth. The seawater fraction based on chloride concentrations in MDOT-1 is 0.1%
and shows a slight decrease with depth. The seawater fraction based on chloride
concentrations in precipitation during Hurricane Ethel is 0.3%.
In MDOT-1, the low conductivity and chloride values are indicative of a
freshwater source with zero to minimal remaining impact from a saline plug. There is no
detectable saline signal related to Hurricane Katrina or subsequent smaller events that
may have resulted in sea spray reaching the well. There is however, a decreasing trend in
conductivity in MDOT-1 from the initial 2007 gauging events to the final 2009 event.
This decreasing trend may be a relic of past saline events or a reflection of drought
conditions that occurred in 2006-2008 (Figure 44).
There is an increase in conductivity with depth in MDOT-1. For each event, the
profiles remain below 1000 µS/cm. An increase in conductivity with depth would be
expected in the presence of a freshwater/saltwater interface, however the increases are
not substantial enough to confirm location of the saltwater-freshwater interface.
Additionally, based on the Ghyben-Herzberg method, the interface should not be present
in the well.
In MDOT-2, chloride content increases slightly with depth. An increase in
chloride with depth would be expected in the presence of a freshwater/saltwater interface,
however the increases are not substantial enough to confirm location of the saltwaterfreshwater interface.
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The decrease in conductivity with time in MDOT-1 profiles may indicate that
there was still residual salinity from infiltration of the Hurricane Katrina storm surge in
2005. A comparison of modeling results with sampling times show that the most
landward nodes reach stabilization at 3.5 years following a 3 meter surge event and are
on a slight decreasing trend prior to stabilization, but well within the range of 0-1 ppt
salinity (Figure 76). The trend seen in MDOT-1 is not seen in MDOT-2. This may be
because the well is closer to the coast and conductivities are influenced by coastal
conditions or it may be due to the well damage.
No storm surge events resulting in inundation of the wells occurred during the
sampling period; therefore, the impact of overwash could not be assessed.
Stable Isotope Analysis
Stable oxygen and hydrogen isotopic composition of ground-water samples from
wells MDOT-1 and -2 and sea water were collected in Gulfport in 2008 and 2009. The
results were plotted along the Global meteoric water line (GMWL) along with local
meteoric water line (dashed). The mixing line illustrates a correlation between isotopic
composition of local precipitation and sea water, suggesting possible influence of seaspray infiltration, storm-surge infiltration or salt-water wedge effects. Based on reasons
alluded to in previous sections, it is unlikely that movement of the saltwater/fresh water
interface has much impact on the surficial aquifer in the region of MDOT-1 and MDOT2.
Water Budget
Mean annual evapotranspiration in Harrison County for the period 1971-2000 was
estimated to be 71-80 cm/year (Sanford and Selnick, 2013). Mean annual
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evapotranspiration for the period 2001-2015 was estimated to be 96.5 cm/yr using the
Thornthwaite monthly water balance model. Runoff is likely low except in areas of
impermeable surfaces due to the high hydraulic conductivity of the sands that are
common to the area; therefore, indirect runoff, interflow, throughflow, and return flow
are not considered in the budget. Most water either is lost through evapotranspiration or
percolates into the underlying surficial aquifer. Direct runoff is estimated to be 5% or 7.5
cm per year. Because the study site is near sea level with high water tables, soils may
become rapidly saturated during large storm and surge events effectively acting as both a
barrier to and a source of dilution for saline water.
Urban development in the study area is projected to continue, with the region
being fully developed by 2050 (Bilskie et al., 2014). This development will likely alter
direct runoff rates if the area of impermeable surfaces changes significantly and /or alter
evapotranspiration rates if natural and agricultural land cover changes significantly
(Cozzolino et al., 2017).
DEM Elevation Data
The DEM maps (Figures 47 through 54) illustrate the lateral extent of inundation
per meter storm surge under current conditions and with 0.6 m SLR. From the maps,
calculations were made of the area flooded by meter intervals of surge during current
conditions (0-1 m, 1-2 m,…6-7 m) and following a 0.6 m SLR (0.6-1.6 m, 1.6-2.6
m…6.6-7.6 m). The text inset box on the maps shows the area of land inundated by
surge at the relevant meter interval and the additional area of land inundated with 0.6 m
SLR. A graph of the inundated area calculations (Figure 55) reveals that there is a
bimodal nature to flooding with two distinct periods of increased inundated area. The
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first period of inundated area occurs during the first 1 m of flooding when wide, lowlying, and unprotected marshes and beach fronts are inundated. Inundated area rates then
drop from 1-4 m, possibly due to the presence of seawalls, steeper gradients, reduced
land available for inundation, etc. The inundated area rate then increases from 4-6.6 m,
likely due to the presence of extensive flat developed surfaces. Surprisingly, the greatest
area of inundation following a meter change in sea-level occurs between the 5.6 m-6.6 m
developed and protected contours and not the 0-1 m flat unprotected shoreline contours.
The inundated area rate drops dramatically after the 7 m contour as available land in the
study area to inundate decreases. A more detailed explanation of areas inundated
between contours is given below.
Following 0.6 m sea level rise, low lying marsh areas along the Bay of St. Louis,
BBB, and barrier islands are inundated. Additionally, the artificial beaches along CHC
experience some flooding. The areas inundated are likely areas of shallow aquifer
discharge. These former areas of freshwater discharge are inundated with sea water and
become salinity sources. This results in a landward migration of the saltwater-freshwater
interface.
The first 1 m of inundation floods approximately 60 km2 of land. This area is the
third largest area flooded by 1 m of water.
Following 1-1.6 m sea level rise, low lying beaches and marshes continue to
flood, additionally, low elevation businesses and residences in eastern Biloxi and
Henderson Point-west of Pass Christian begin to experience flooding.
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Following 2-2.6 m sea level rise, beaches and marshes are fully inundated except
where surrounded by higher elevations. Flooding continues inland in the Biloxi and Pass
Christian regions.
Following 3-3.6 m sea level rise, most beach properties, all of Pass Christian and
much of Biloxi are inundated. Flooding occurs far inland in bayous and rivers.
Following 4-4.6 m sea level rise, CHC begins separating from the mainland.
BBB greatly expands along bayous. All of cross section A-A’ is submerged.
Following 5-5.6 m sea level rise, at 5 m, CHC is still solidly connected to
mainland; however, at 5.6 m only thin land bridges connect CHC to mainland, which
may be compromised by erosion and/or high waves. Most of Biloxi is inundated, large
portions of Gulfport are inundated. Much of the airport runway is submerged.
Following 6-6.6 m sea level rise, CHC is fully separated from the mainland with
potential for infiltration of seawater from the southern coastal boundary and from the
northern now open bay. CHC has a chevron shape. The city of Biloxi is inundated, and
most of the city of Gulfport is inundated. The elevations are also compared to SLOSH
data for a CAT 3 Hurricane MEOW (Figure 101). This surge elevation is comparable to
Katrina surge elevations and the inundated area outlined by the contour is similar to the
area inundated by Katrina as indicated by the FEMA flood map (http://www.fema.gov/,
accessed 2007).
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Figure 101: CAT 3 SLOSH and SLR with 6 m Surge Overlay. See Figure 17 and Figure
53 for reference.
Following 7-7.6 m sea level rise, CHC is reduced to two ridges. Almost all land
not on the two ridges is partially inundated. The elevations are also compared to SLOSH
data and are comparable to a CAT 4 storm MEOW.
Hydrogeologic Data
The geology of the Gulfport Formation reveals a ridge/barrier system that sits
above bay clay sediments. Groundwater gradients show groundwater flow controlled by
surface topography-moving from higher elevation and discharging into nearby creeks,
wetlands, the BBB, and the Sound. The Gulfport Formation is surrounded by water
along much of its perimeter and, based on lithology, groundwater gradients, and
topography, is not in hydraulic communication with the inland aquifers.
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Cross section A-A’ reveals a hydrostratigraphic window on the bay side of the
cross-section where the lower Miocene Clay layer is absent. This window is not seen in
cross section B-B’ nor is it seen in the cross sections from other authors. The window is
not taken into consideration in the full model simulation and the BBB is not modelled in
the partial model simulation. Given the dilute nature of the storm surge on the BBB side
of the model, the presence of the Biloxi Formation confining unit at and below sea level,
and the focus of most of the modeling on the Sound side of the full model, the omission
of the window from the model should not impact the overall conclusions. However,
future studies involving the underlying confined aquifer should consider inclusion of the
window as a conduit for storm surge impacted groundwater.
Sutra Model Simulations
Based on the SUTRA model simulations, salinity concentrations in the CHC
surface aquifer spike after storm surge and then decline rapidly. The high hydraulic
conductivity of the aquifer allows storm surge to rapidly move through the entire aquifer
with concentrations recovering to within 1 ppt of the initial concentration of the node in 6
months. The timing for the nodes to recover to initial conditions for the various scenarios
are tabulated in Figure 100. This rapid recovery is consistent with field and modelled
data seen in other locations. For example, studies of a surficial aquifer on a barrier island
at Cape Hatteras following Hurricane Emily in 1993 (Anderson, 2002; Anderson and
Lauer, 2008) showed the barrier island aquifer recovers from high chloride
concentrations within a year although small amounts of chloride linger for several years.
The Hurricane Emily Results are shown in Figure 102.
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Figure 102: Chloride Breakthrough Curves after Hurricane Emily. Simulated at three
observation locations and confirmed with field data, after Anderson (2002).
The results of the model simulations indicating rapid movement of storm surge
through the aquifer are in line with the conductivity profiles and groundwater chemistry
collected at MDOT-1 and MDOT-2. Although the wells are not associated with Cross
Section A-A’, the full or the partial model, the wells are located in positions similar to
nodes 154, 159, 164, and 169 (MDOT-1) and 496, 502, 508 (MDOT-2). Therefore,
under background conditions the wells should and do contain freshwater. As already
mentioned, the wells MDOT-1 and MDOT-2 show conductivity values (Figure 35 and
Figure 36) that decrease with time (when the wells are not disturbed). The analytical
data show freshwater with landward and time freshening trends. Unfortunately, the wells
were installed and first sampled two years after Hurricane Katrina and therefore, no
background and near event data were collected.
The sensitivity analysis of the model reveals that extended salinization of the
aquifer following storm surge occurs during drought conditions and salinity reductions
occur during times of increased recharge. Therefore, the aquifer appears to be more
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responsive to changes in the amount of recharge as opposed to single large scale events,
see Figure 100. An inverse relationship between recharge and the width of the
saltwater/freshwater zone has been observed in other studies, including Narayan et al.
(2007) and Cozzolino et al. (2017), who found that when shallow surficial aquifers with
ground cover consisting of sands and shrubs open to recharge were compared to similar
aquifers with forested groundcover, higher ET and therefore lower recharge, the higher
recharge aquifers with less groundcover had smaller and more seaward transition zones.
The freshwater/saltwater interface broadens during times of reduced recharge
with higher maximum salinities (0.023 kgsolute/kgseawater ) in the nodes that are located
within the interface (800, 806, and 815) and < 150 m inland. The increase in the interface
nodes is 4-6 ppt. Salinity values also increase in the slightly saline (496, 502, and 508)
nodes on the interface boundary roughly 400 m inland by 5-7 ppt. Salinity values
increase slightly (2-3 ppt) in the nodes located approximately 650 meters inland (154,
159, 164, 169) that formerly had 0 ppt salinities.
The freshwater/saltwater interface narrows during times of higher recharge with
lower maximum salinities (15 ppt) in the interface nodes. The decrease in the interface
nodes is 4-6 ppt. Salinity values decrease to 0 ppt in the formerly slightly saline nodes on
the interface boundary. Salinity values remain 0 ppt in all nodes that had 0 ppt salinities.
Sensitivity analysis of the model indicates that changes in permeability result in
widening of the saltwater/freshwater transition zone see Figures 69, 70, and 100. Higher
permeability results in higher salinities in the model nodes by allowing the toe of the salt
water wedge to migrate further inland and broaden in size. This widening of the interface
zone resulting from permeability changes has been reported by other researchers, for
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instance, Anderson and Lauer (2008), reported that higher permeability resulted in higher
total dissolved solids concentrations in models simulating storm surge in a shallow
coastal aquifer at Cape Hatteras, North Carolina. Additionally, Narayan et al. (2007),
reported higher conductivities resulted in wider transition zones in a shallow aquifer in
the Burdekin Delta, Queensland, Australia.
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Chapter 5 Conclusions
This study investigated the movement of saline storm surge by looking at the
chemistry, the geology, climate, and usage of the study site. This information was then
used to model future scenarios of storm surge and SLR. The model simulations indicate
that salinization of the beach/barrier aquifer systems in humid regions such as the CHC
are most sensitive to recharge, extent of SLR, and permeability of the aquifer. Local and
global climate models project SLR sufficient to move the freshwater/saltwater interface
inland 250 m. Based on the model simulations, SLR will have the greatest and longest
lasting impact on aquifer salinity. Long-term changes in recharge brought about by
changes in precipitation/evapotranspiration rates could potentially result in broadening or
narrowing of the interface. Changes in surface permeability due to the increase or
removal of impermeable surface will alter the hydrologic budget and could result in
further changes to aquifer recharge which would in turn impact the shape and position of
the interface. Each of the above impacts are long-term impacts. When storm surge is
simulated taking into consideration the above impacts, salinities recover and long-term
(decadal or greater) impacts from storm surge are not observed.
Validation of Hypotheses
Hypothesis 1
Based on field data collected and the model results, the CHC recovers rapidly
from surge events and there is not a lasting impact from the movement of saline water
through the aquifer. Therefore, hypothesis 1 (coastal storms salinize surficial aquifers in
settings such as CHC. High salinities linger and concentrations may increase overtime) is
not confirmed by the modeling results. There are scenarios, where this hypothesis may
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be true, such as saline flooding preceded and followed by drought during which time the
salinity signal may linger. Although not a storm, saline flooding associated with tsunami
in a drought prone location is the most extreme example where hypothesis 1 might hold
true (Urbano and Thibault, 2007; Violette, 2009). As previously stated, during a tsunami,
there is no dilution of seawater, no saturation by rainwater prior to inundation, and no
rain event immediately following the inundation. Another possible example occurs at
locations where the climate inhibits natural recharge and aquifers become more saline
such as groundwater systems found in coastal dunes along the Adriatic Sea (Mollema et
al., 2013).
Hypothesis 2:
Field data and modeling support Hypothesis 2 (Unconfined coastal aquifers
rapidly recover from storm surge and in some cases, tropical systems result in a net
reduction in salinity). Salinity signals were absent in wells that were previously
inundated by surge, and models show a fairly fast recovery. The recovery rates found in
this study were similar to recovery rates found in similar studies (Andersen et al., 2005;
Anderson, 2002; Anderson et al., 2008). Chloride concentrations in the wells appear to
decrease with distance from the coast. Chloride concentrations also appear to decrease
temporally, however, a definite trend could not be established given the limited data
points and the lack of baseline sampling.
One unexpected conclusion to come out of the study is the relationship between
surge/SLR and area inundated is more complex than expected. This relationship reveals
two high points of inundation: The first occurs during the first meter of flooding when the
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maximum amount of land is flooded; the second high point comes between the 6m and
7m contours and likely corresponds to the most developed flat areas of the site.
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